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ANNOTATTON

This collection contains the results of photometric investiga-
tions of the Moon, Mars and Jupiter. A large amount of the data
in this collection concerns the results of a study of the lunar
relief, mainly of its Far side, by the photometric method; the
photographs were obtained by the spacecraft "Zond-3%,

The results of extensive spectrophotometric observations of
Jupiter, carried out in 1964-1966 at the Main Astronomical Observa-
tory of the Academy of Sciences of the Ukrainian S.S.R., are pre-
sented, as are calculations of the optical parameters of the Mars
atmosphere and surface. The two-channel photometer measuring small
light fluxes which was constructed at the Main Astronomical Observa-
tory of the Academy of Sciences of the Ukrainian S.S.R. is described.

This collection is intended Ffor scientific researchers, astro-

physicists and geophysicists, as well as for undergraduate and
graduate students in the corresponding fields.
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INTRODUCTION

In 1964, the Main Astronomical Observatory of the Academy of
Sciences of the Ukrainian S.S.R. began to publish inter-departmental
thematic collections of the series "Astronomiya i astrofizika"
(Astronomy and Astrophysics), as a result of which the "Izvestiy
GAO AN USSR" stopped being published (the last issue was Vol. 5,
No. 1, 1968). Articles touching on certain single divisions of
astronomy were selected in each of the collections. The scientific
research studies of both the workers at the Main Astronomical
Observatory of the Academy of Sciences of the Ukrainian S.S5.R. and
the workers at other astronomical observatories and astronomy de-
partments at institutes of higher education of the Ukrainian S.S.R.
were published in the inter-departmental collections.

Up to the end of 1967, the Main Astronomical Observatory of
the Academy of Sciences of the Ukrainian S.S.R. published the fTollow-
ing inter-departmental collections in the series "Astronomiya i
astrofizika™:

1964. Voprosy astrometrii (Problems of Astrometry), Issledov-
aniya komet po programme MGSS (Studies of Comets according to the
IQSY Program), Issledovaniya po fizike zvezd i diffuznoy materii
(Investigations of the Physics of Stars and Diffuse Matter), Spektro-
fotometricheskiye issledovaniya aktivnykh obrazovaniy na Solntse
(Spectrophotometric Studies of Active Formations on the Sun), Fizika
Luny 1 planet (Physics of the Moon and Planets);

1965. Voprosy astrofiziki (Problems of Astrophysics), Figura i
dvizheniye Luny (The Shape and Motion of the Moon), Fizika komet i
meteorov (Physics of Comets and Meteors), Izmenyayemost' shirot
(Latitude Variability);

1966. Voprosy astrometrii (Problems of Astrometry), Voprosy
astrofiziki (Problems of Astrophysics), Fizika komet i meteorov
(Physics of Comets and Meteors), Fizika Luny i planet (Physics of
the Moon and Planets), Fizika zvezd i mezhzvezdnoy sredy (Physics
of the Stars and the Interstellar Medium);

1967. Figura i dvizheniya Luny (The Shape and Motion of the
Moon), Voprosy astrofiziki (Problems of Astrophysics), Izmenyayemost'
shirot (Latitude Variability), Aktivnyye protsessy v kometakh (Active



Processes in Comets).

Unfortunately, no general numbering system was made for the
collections of this series, and this caused difficulties in refer -
ring to them,

In order to avoid like difficulties in the future, the editorial
board decided that, beginning with 1968, they would publish all the
collections under the general thematic title "Astrometriya i1 astro-
fizika" (Astrometry and Astrophysics), and that they would introduce
a new numbering system for the issues. In those cases .when the
issue is completely concerned with some single problem, the corre-
sponding sub-title will be added.

The following issues will come out in the series "Astrometriya
i astrofizika" in 1968: No. 1, Fizika Luny 1 planet (Physics of the
Moon and Planets); No. 2, Voprosy astrometrii (Problems of Astro-
metry); No. 3, Voprosy astrofiziki (Problems of Astrophysics); No. 4,
Fizika komet (Physics of Comets); No. 5, Voprosy atmosfernoy optiki
(Problems of Atmospheric Optics); No. 6, Kol'tseobraznoye solnechnoye
zatmeniye 20 maya 1966 g (The Annular Eclipse of the Sun on May 20,
1966).

vi
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A PHOTOMETRIC METHOD OF LUNAR TOPOGRAPHY

L.R. Lisina

ABSTRACT: The photometric characteristics of the
Moon secattering light are described. It is shown
that, in determining the brightness of lunar de-
tails according to theoretical formulas, the
macroslope must be considered. Small slopes are
determined by the photometrie method. The photo-
metriec method of determining the slopes for ob-
servations of the lunar surface from a space-
eraft is discussed. The requisite parameters

are calculated in order to determine the slopes
and heights of the thalassoid Korolev on the

far side of the Moon. The photographs were
obtained from the Soviet spaceeraft "Zond-3".

The thalassoid Korolev is a basin surrounded

by numerous rings with faults.

Photographing of the Moon from moving spacecraft (Ranger series),
photographing of the far side from the automatic interplanetary sta-
tion "Zond-3", numerous photographs obtained by stations which made
a soft landing ("Luna-9", "Luna-13", Surveyor 1 and 2), and photo-
graphs taken from satellites and orbital stations: this is an in-
complete list of the studies of the Moon from the space around it.
The information obtained from spacecraft primarily concerns the
problems of the morphology of the Moon's surface: a great deal of
data has been obtained on the physical and mechanical properties
of the lunar soil, and hypotheses on the microstructure of the lunar
soll have been confirmed. It is now important to concentrate our
attention on all the methods of lunar topography which can be applied
both to photographs obtained from the Earth and to those obtained
from spacecraft.

The possibilities of applying photometry to lunar topography,
particularly the photometric method which was proposed by Diggelen
in 1951 and further developed at the Main Astronomical Observatory
of the Ukrainian S.S.R., are examined in this study, Beginning in
1962, this method was used to study an extensive region around
Oceanus Procellarum and the central part of the Moon in the region
of the Triesnecker crater and Hyginus rille, as well as to investi-
gate in detail the morphology of the structure of the mounds in
Mare Fecunditatis, the slopes of lighted ridges of the Archimedes

Numbers in the margin indicate pagination in the foreign text.
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crater (Fig. 1, see the insertion between pages 16 and 17). 1In
1966, the photometric method was modified and used to analygze
close-up photographs of the far side of the Moon, taken from the
"Zond~-3" station.

Photometric Characteristics of the Lunar Surface

Since we will subsequently be using the conclusions obtained
by a number of authors in studying the qualitative picture for the
reflection of 1light from the lunar surface in our assumptions, let
us discuss some of them here.

N.P. Barabashov [1] and then A.V. Markov [2] found that the
maximum brightness of the majority of details of the Moon occurs
during full moon (Z = ¢). E. Opik [3] found that the appearance
of the curve for the photometric function is identical for all
formations, and that the brightness maximum during full moon does
not depend on the position of formations of the same type on the
lunar disk. These results were corroborated by A.L. Bennet [41],
V.A. Fedorets [5] and van Diggelen [6]. M. Minnart [7] and V.G.
Fesenkov [8] affirmed that the phase change in brightness is not
latitude-dependent, but is mainly a function of the longitude.
The characteristics of the microrelief of the lunar surface were
established on the basis of photometric investigations. The upper
layers of the lunar soil (thickness of several millimeters or
centimeters) have a porous structure, and the skeleton takes up
only 10% of the space, while 90% of the space is pores.

In addition to the cited studies, there were attempts at giving
a quantitative description of the law of light reflection from the
Moon's surface. The majority of the theoretical models were based
on the assumption that there was an even surface covered with de-
pressions or protuberances of different shapes: spherical or cylin-
drical depressions (N.P. Barabashov), spherical cupolas (Schoenberg),
semi-ellipsoidal cavities (Bennet and Diggelen). Considering the
general representations of the nature of the porosity of the lunar
surface, B. Hapke [9] proposed a formula which gave a good descrip-
tion of the change in brightness for the regions between seleno-
graphic longitudes of +60°. It was then modified in order to re-
present observations in regions adjacent to the 1imb [10]. The
formula is of the following form:

B(i, &, «)=Fjadw 2 b —

S LA
Cos ¢
xSinlel+(m= cosap

e

where andg%—-b is the amount of light reflected from an area on the
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Moon in the direction of the receiver in a full moon (albedo),

. i
@i <) - cos < is a function characterizing the law of

sin 2 | (ﬁ»fjal)co§a

os{
diffuse scattering, [(a) = is a phase

T
function, B(a,g) is a retrodictive function depending on the pack-
ing coefficient (g is the packing factor, 2 > g > 0.01) and the
relative density of the particles making up the surface under in-
vestigation. For the sake of simplicity in the calculations, the
expression ¢ (Z,e) can be converted, if we assume that the lunar
equator coincides with the equator of intensity in view of the
smallness of the angle between them and the coincidence of the
apparent center with the center of the coordinate system (zero
moment of libration). Then,

COS E==COS 3 COs A,
€os i=cos 3 cos (kh — a)

and
1
cos ~

I 4

cos (h—2)

The function ¢(Z,e,a), or ¢{r,0), is called a photometric one. It has
information on the inclination of various formations on the Moon

in the direction of the incident rays, or the so-called longitudinal
component of the slope.

A.A. Akimov [11] represented this function in a somewhat dif-
ferent form in a formula to be used to calculate the brightness of
any part of the lunar surface for different phases:

B (v, o) = B,p (v, a) [ (a) ll 1+4k(a) ( BB_(L __l)j' '

where B{(w,a) is the brightness for the given phase; Boa is the
mean brightness during full moon; B is the brightness Yof a point
during full moon; f(a) is a phase function; ¢(w,n) is the brightness
distribution over the equator of intensity, determined by the ex-
pression )
P (v, @) = cos ® (a-—w) cor™ o,
8,=0(-0)0 (90°—a+tw) 4+ 0 (a—0) 0O (v),
9,;=8 (w—2) B8 (90 —w) + 68 (a—w) O (),




while the function 6 = 0 for a negative value of the argument, and
8 = 1 for a positive value.

Correction of Theoretical Brightnesses for the Slope

The formulas of Hapke and Akimov give wvalues of the brightnesses
for a spherically uniform Moon. We compared the theoretical curves
with the observational data of Fedorets and Diggelen. The compari-
sons were carried out for the regions of the lunar surface which
are known to have no substantial macro-irregularities - regions of
the maria and the floors of craters. For example, Hapke compared
regions in Mare Serenitatis, Mare Nectaris, Mare Imbrium, and the
centers of Ptolemaeus and Tycho.

Fig. 2. Change in Values of Z and € with a Change in Slope.

To obtain the value for the brightness of a crater ridge which
slopes toward the middle surface in a certain phase, we must make
a correction for the slope. Since the slope of the surface changes
the direction of the normal, the values for the angles of incidence
and reflection also change (Fig. 2). Let us agree that the slope
is positive i1f a rise is found in the direction of the incident
ray. We will call the slope y. For a positive slope, the wvalue
for the angle of incidence decreases by the value y and is <-vy,
while the value for the angle of reflection increases up to & + y.

In order to be certain that the theoretical curves for crater
ridges which have a substantial slope did not coincide with those
observed, we calculated and constructed the theoretical and observa-
tional curves for the crater Theophilus. The value for the slope
of the eastern ridge of the crater Theophilus was taken from [12]

(y = +27°05', g = 11°21', ygp = 46°34), in which slopes of 19 craters
are given. The maximum slope is given in this study, since the
sliding-beam method was used. As the author shows, the value of

the slope can be increased by 12°. The photometric values of the
brightnesses for the phase angles from 28° before full moon to 28°
after full moon were obtained in [13] for the same craters, and
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segments of the phase curves (value of the diaphragm-10.8") were
constructed according to them.

TABLE 1
Date [Time Phase’ B Date {Time Phase
- ' ]
Befohre Full Moon Aft?r Full Moon

o L -]
17. 7.62 9.3 1.2 1 21.4.62 8.1 15.7 0.6146
17. 7.62 7.1 2.5 0.955 21.4.62 104 16.8 0,589
15. 8.62 6.9 7.6 0.692 22.4.62 8.1 2.0 U KYS
15. 8.62 9.3 6.2 0.731 22.4.62 11.8 25.6 0.501
13. 9.62 7.5 12.4 0.692 20.5.62 7.8 9.7 0. 757
13. 9.62 9.2 11.5 0.724 18.6.62 9.4 5.0 AN
9.12.62 8.6 27.8 0.534 18.7.62 7.7 11.1 0 Gio
10.12.62 5.8 16.0 0.751 18.7.62 9.7 12.2 0.614
10.12.62 8.2 14.7 0.711 vI0.7.62 7.6 24.5 0380
9.1.63 8.7 7.7 1.04 [ 19.7,62 10.0  925.9 a7
9. 1.63 9.8 7.1 0.86 14.9.62 8.9 4.6 0.802

11.9.62 5.7 3.6 0.832
15.9.62 5.8 15.8 0.586
| 15.9.62 8.8 17.5
TABLE 2
N u!B L B B
l obsl theor theor.

1 0° 1 i 1

2 S5 0.R9 0.866 Q.RO2

3 10 0.78 0.735 0.783

4 15 0.68  0.626 0.691

5 20 0.6l 0.537 0.625

6 25 0-55 0.461 0.568

7 30 0.51 0.393 0.521

Table 1 gives values for the brightnesses of the crater Teo-
philus for phases before and after full moon.

The theoretical curve was calculated according to Hapke's for-
mula. The value g, which characterizes the microrelief, was taken
as equal to 0.6, on the basis of Hapke's conclusions that the
brightest details correspond to g = 0.4, and the floors of craters
and the maria correspond to 0.8, and g = 0.6 for the photometrically
standard Moon. The crater Theophilus can be related to the photo-
metrically standard Moon. We then constructed a theoretical curve
corrected for the slope. Table 2 gives the phase angles, the
average brightnesses obtained from observations [13], the theoret-
ical brightnesses which do not consider the slope up to a = 0 and
the thecretical brightnesses which include the slope of the ridge.
The brightnesses are normalized to full moon.
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Fig. 3. Dependence of the Brightness on the Phase Angle for the
Crater Theophilus (Solid Curve, Observations; Dashed Curve, Theo-
retical; Dot-Dashed Curve, Theoretical Corrected).

Since we are examining the inner eastern ridge, the calculations
were carried out fer the phases before full moon. The data of Table
2 were plotted on graphs (Fig. 3). We can see from the graph that
there is complete agreement between the corrected curve and that
observed. However, we must emphasize that a discrepancy between
the theoretical and observational curves due to the slope should
appear primarily for large phase angles.

The discrepancy between the theoretical and observational phase
curves can be used in order to solve the inverse problem, i.e., that
of finding the slopes. For this, we must have reliable phase curves
and, moreover, we must know the characteristics of the microrelief
of the given detail or its deviation from the standard Moon. The
deviations in brightness from the photometrically standard Moon
due to a difference in microrelief (deviation from the average
value of the factor g) are given in the reports of Barabashov and
Yezerskiy [14,15] for the details of the catalogue of Fedorets.

This method of determining the slopes will be used only for rather
steep ones, which are found mainly on the ridges of craters, par-
ticularly young craters. The authors of [13] found a dependence
between the brightness and the slope for different stratigraphic
classifications. Our stratigraphic classification was made accord-
ing to Shoemaker [16]. The increase in brightness accompanying

an increase in slope goes from formations belonging to the Procella-
rum era to the era of Copernicus. The younger formations are
brighter, since they have been less subjected to erosion and have
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steeper slopes.

Principle of Determining the Slopes of Scarps
in the Maria of the Moon

In order to study the small slopes characteristic of the scarps,
furrows and banks in the regions of the maria, it is convenient to
use the photometric method. The same principle of comparing the
brightness of a segment of the lunar surface, which has an ineclina-
tion with respect to the horizontal plane with the brightness of a
segment lying in this plane, underlies this method. In connection
with the fact that only the photometric function gives information
on the slope, and this function gives the brightness distribution
over the disk for a given phase, the slopes in a small region of
the lunar surface can be studied according to one negative. Since
the change in brightness over the disk is most appreciable for large
angles of incidence of the solar rays, the region under investiga-
tion should be in a zone around the terminator. The reason for
the change in brightness is the change in albedo and the difference
in the irregularities of the macrorelief. As was shown earlier,
the photometric function of any point on the disk can be represented
as the function of three variables ¢(Z,e.,a), as well as the function
of two variables ¢(A,a), where A is the selenographic longitude.

The latter representation occurs for the case when the observer is
on the Earth. In the general case, it 1is better to give the photo-
metric function as the function of the photometric longitude and
the phase ¢(w,a). This 1s possible because the isophotes of the
lunar surface are close to the brightness meridians if the differ-
ence in albedo is considered. The angle, or the photometric longi-

tude, characterizes the position of the brightness meridian (Fig. 4).

The photometric function ¢(w,a) was normalized so that it be-
came equal to unity when the direction of incidence and reflection

of the solar rays was perpendicular to the surface (Z = & = 0),

¢ (0,0,0) = 1, B(w,a) = Bg). This allows us to determine the value
of the normal albedo. Thus, the normal albedo was measured only
for regions close to the center of the full Moon. However, the

cbservations showed that the brightness of different regions during
full moon does not depend on their position on the lunar disk.
Therefore, the albedo at full moon should be taken as the normal
albedo. The procedure of considering the difference in albedo of
the measured regions 1is described in [17].

The photometric method of studying the slopes and heights of
scarp chains in the maria of the Moon was first used by Diggelen
18], on the assumption that there was a small uniform region
under the conditions of a substantial change in Z and a practi-
cally unchanged ¢ near the center of the disk. The slope was then
determined by the value AZ of points which had identical brightness
but which occurred in planes with different slopes. In the case
when the distance between the object and the observer decreases,



the value e changes more substantially, because of the parallax

Fig. 4. Determination of the Fig. 5. Position of the Appara-
Photometric Longitude. tus Relative to the Moon.

between the observed point (optical axis of the camera) and the

sub-instrumental point {(plumb line). It cannot be avoided, as in
the case when the observer is on the ground. We will disregard the
parallax in both cases for incident rays. The angles Z, € and «

form a photometric triangle.

The position of the apparatus is characterized by the distance
from the apparatus to the surface along the plumb line and the
selenocentric position of the point of intersection with the surface
of the line, which connects the apparatus and the center of the
Moon. This determines the sub-instrumental point P (Fig. 5). We
will find the point ¢ according to the intersection of the lunar
surface by the line which is parallel to the line of sight and passes
through the center of the Moon. This is the apparent center of the

Fig. 7. 1Indeterminancy of the
Photometric Function for Positive
and Negative w.

Fig. 6. Relation Between <Z,ctc,
o and w.



Moon and is called the "phase point", since it determines the phase
angle and plane in which it lies. The angle C0OS is the phase angle.
The angle of incidence of the solar rays is determined by the angle
509, and the angle of reflection € is determined by the angle C0Q
(e = p+t+z). To determine the value of the slope y, we will use the
value w. The photometric longitude w is determined in terms of the
angles Z,e and a. The relation between these values is represented
in Figure 6. The phase :angle is within the range of -180° < a <
+180°, However, the photometric function for the same values of

7 and ¢ 1is the same for the phases before and after full moon. This
symmetry allows us to take the phase angle within the range of 0°

< o < 180°. Moreover, because of the condition of reciprocity, the
selection of Z, € and a for a given apparent center of the Moon
determines the position of a point on the Moon ambiguously. The
photometric function is completely un-
ambiguous. If we define the photometric
function in terms of the absolute value
of w, then its unambiguity is lost for
the given interval of a. For a given

o and identical w, the values of the
photometric function at the points §

and @' differ (Fig. 7).

In order to establish unambiguity
in determining ¢, we must agree on the
sign of the value w. Since w is read
off from the point ¢ along the intensity
equator, wewill consider w to be positive
if the measurements are carried out toward
the terminator.

Fig. 8. Determination

of the Slope in Terms In order to determine the value of the

of the Difference in slope in terms of the photometric func-

Photometric Longitudes. tion, we must have an analytical or graphic
representation of the latter. Let us use

the graphic representation. Since we are speaking of the photometric

function of the maria and the relief of areas which are of interest
from the point of view of landing and subsequently moving the appara-
tus along the surface, then we must assume that the slopes of the
irregularities of the areas in which we are interested should be
small (no more than 10-15°). The values for the angle of incidence
and the angle of reflection of the solar rays change by *y, compared
to 7 and € for an even surface, and the value of the phase angle
remains the same. The photometric function for an even surface is
¢(2,e,a), and that for a sloped surface is ¢ (Z+y, ety,a). For
small angles of inclination, we can assume that the normal moves in
the direction parallel to the intensity equator. This means that
the value of w has changed by a value of *y. Figure 8 shows how

the change in the normal by a value of Aw indicates that the area

is sloped with respect to the horizontal plane y = + Aw. We will
have the same for a negative slope. Thus, the problem of deter-
mining the slopes is reduced to that of determining the difference

y i



Fig. 1. Photograph of the Moon Obtained at the Main Astronomical
Observatory of the Academy ‘of Sciences of the Ukrainian S.S.R.
with the Aid of a 70-Centimeter Reflector on March 15-16, 1965

(IT, 21:22).




Fig. 11. The Thalassoid Korolev According to the Photographs
of "Zond-3".
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in brightness longitudes between the horizontal (spherical) elements
of the lunar surface and those under investigation.

Let us briefly discuss the guestion of what the "spherical"
brightness curve of the lunar surface should be. It can be a theo-
retical curve calculated for the case of vy = 0 for a given phase,
as the function of w according to the formulas of Hapke or Akimov.
However, this type of curve is averaged over the albedo. The photo-
metrically standard curves for different phases are given in [15].
For a region near the terminator, the law for the change in bright-
ness is close to orthotropic; therefore, a segment of the cosine
curve can be taken as the spherical curve. However, since cali-
brated negatives are not always available, we must often use, not
the brightness distribution along the intensity equator, but the
distribution of photographic density. In this case, we will obtain
the spherical curve directly from measurements of the negative.

We will select from all the regions those which have a smooth course
for the change in density.

The light flux can be recorded both photographically and photo-
electrically in ground observations. In all cases, the detail of
the information will depend on the resolution of the system. The
photographic material is most convenient from the point of view of
analyzing the incoming information: first of all, the region of
interest to us can be examined repeatedly at any moment and, second-
ly, the information can be read with the aid of a diaphragm corre-
sponding to the allowance, which does not bring about a loss in in-
formation. However, substantial requirements must be imposed on
the photographic material: an investigation of a detailed structure
of the relief requires the presence of large-scale photographs, and
the atmospheric interference under the conditions of ground observa-
tions require that the exposure be decreased, which involves an
increase in the sensitivity of the photographic material, connected
with an increase in grain size. TFor the photo-television method
of transmitting information from space, it is desirable that the
films have a sufficient photographic latitude, since the photo-
metric method is used for the terminator zone of the Moon.

The photometric method has a great advantage in that it is
used for monoscope photographs of the Moon obtained at any distance.
In particular, this refers to the photographs of the far side of
the Moon which were obtained from the automatic interplanetary
station "Zond-3" on July 20, 1965,

Analysis of Photographs of the Far Side of the Moon

Calculation of Photometric Parameters. The spacecraft "Zond-3"
photographed the eastern portion of the far side of the Moon, which
added largely to the information on the far side which was obtained
in 1959. This permitted a global survey of the morphology of the
Moon's surface [19]. It was found that highlands are the predomin-
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ant form of the relief of the Moon.

Fig. 9. Determination of the Fig. 10. Spherical Triangle for
Phase Point (0 is the point Re- Determination of z.

presenting the Center of the
Lunar Sphere; & 1s the Point

of Intersection of the Lunar
Surface with the Axis of the
Camera; P is the Sub-Instru-
mental Point; m 1is the Parallax
of the Moon; 2 1s the Zenith
Distance of the Point @; p is
the Angle Between the Line of
Sight and the Plumb Line; R is
the Radius of the Moon; D is
the Distance from the Apparatus
to the Center of the Moon).

In order to obtain the hypso-
metric characteristics of the far
side of the Moon, the Main Astro-
nomical Observatory of the Academy
of Sciences of the Ukrainian S.S.R.
undertook a study of individual
negatives on which the terminator
zone was printed.

Let us investigate photograph
No. 22, for which UT = 2:15:16.
The distance from the apparatus
to the center of the Moon was
10,879 km. The selenographic coordinates of the sub-instrumental
point were XA = 122°55' and B = -23°46'’, and the coordinates of the
subsolar point were A o = -76°57’ and © = 1°6'36"”. The point PQ
(see Fig. 5) is an orthogonal projection of the point of the Moon
on the plane of the image. The image can be considered as ortho-
gonal in the neighborhood of this point. The entire image was ob-
tained by a diverging beam and is an external perspective projec-
tion. The position of each point in the plane of the image is de-
termined by the value of Z, € and a.

In order to calculate the requisite parameters, we must deter-
mine the coordinates of the apparent disk of the Moon, i.e., the
so-called phase point ¢ (Fig. 9). The horizontal parallax was
equal to 8°11'5. The point ¢ is determined by the angle 2+p. The
value of the angle p is determined according to the following for-
mula (see Fig. 9):

sinz
tan/ = - S
cosec T—cos 2

13
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The value of 2 can be obtained by an investigation of the spherical
triangle @PS, where P is the pole of the Moon (Fig. 10):

cos 2=sin Bo sin B4+ cos o cos facos (Aa—Arg).

Having determined the auxiliary angle 6 from A QPA, we can find
Ae and B,:

cosfPa sin z
sin Be = sin B cos (z-p) + cos g sin(z-+p) cos 9,
c0s (2+p) — sin fc sin o
cos B¢ cos Bq

sin sin (ha—Xq)

COs ()\C"—)\Q) =

Knowing the coordinates of the subsolar point and the apparent
center of the disk, we will determine the phase angle thus:

cos a=sinfg sin fc4-cos P cos fc cos (Ac—1g)

and the angle of incidence of the solar rays, i.e.,

cos i = sin e sin fo+ cos Bg cos P cos (hg—1g).

The angle of reflection of the solar rays € = 2 + p.

Thus, we can determine each point on the photograph by the
selenographic coordinates A and B, in terms of 2, € and a. The
selenographic coordinates of the details on the photographs of
the Moon were determined according to a map corresponding to the
photograph, which is given in [20].

Let us derive the formula to determine the photometric longi-
tude from the spherical triangle QCS (see Fig. 6):

cos e—cos i ¢os &
tan (0+a) = —— -
Cosisinea

This is necessary for calculating the slopes.

For the observer an infinite distance away, the phase angle
for all the points on the photograph can be considered as constant.
In our case, we must calculate the apparent center for each small
region, which will permit us to determine a. The region under
investigation (Fig. 11) occurs in the zone around the terminator
and is bounded by the coordinates of A from -155 to -170° and of
B from 0 to -10°. The phase angle in the vicinity of this region

14



changes from a = 45°50' (for the region with coordinates of the
center of A = -160°, B = 0).

The entire region under investigation
5 was divided into three parts; the value
for the phase of each part was taken as
constant. In addition to the two regions
we have cited, we took a region with co-
Y/ M ordinates of the center of A = -160°,

B = -5°, Tor it, o = u46°207T,. Thus, de-
pending on the direction of the line of

tn sight for our segment, we have three appar-
ent centers of the Moon's disk. The direc-
tion of the cross sections should coincide

Determination of the with the direction of the intensity equator.

Position of the In-

tensity Equator. The problem 1s to draw a projection of

the intensity equator on the photograph and
to have this projection represent a large
circle on the sphere, passing through the point of the apparent

center and the subsolar point. TFor this, we must determine the
coordinates of several points through which the intensity equator
passes. Let us transfer the equator in our minds to the point C

(Fig. 12), and let us examine the right triangle CMS, with MS as
the meridian of the point § and the coordinates of the point M as
A+ As and B® + Be. Let us divide the line of the intensity equa-
tor into a number of intervals (for example, every 5°). We will
obtain triangles similar to CMS, from which we can find the values
of A and B8 for all the points along the intensity equator. It can
be seen from Figure 12 that

. cos! . .
cos h,= - -~ cosB,=sinl,sin B,
cos B,
From A CMS, we find that
in § — S0 FBC)
sina

The coordinates of the points through which the intensity equator
is plotted are A = Xy + Ap and B = By + Be-.

Three intemsity equators were calculated.

Construction of Photometric Sections. The photograph was
measured with the aid of an automatic recording microphotometer
MF-2, with a record of the blackening points on the recorder tape.
The scanning was carried out along the lines. The size of the
window was determined by the width of the line. For an enlarge-
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ment (X20), the size of the window was equal to 1 X 3 mm. The en-
tire region over which the thalasscid Korolev (see Fig. 11) was
located took up 200 lines. We recorded 166 lines. The techmnique
of constructing the photometric sections was the following. The
photograph was projected on a screen, on which the coordinate grid
was then plotted and the directions of the sections along the in-
tensity equator were determined. Forty sections were made in all.
The value of the brightness was determined at the point of inter-
section between the line and the direction of the photometric sec-

tion. The number of points on the photometric section varied from
40 to 90. This number of points allowed a complete description
of the change in heights (Fig. 13). We took a curve close to a

cosine one as the brightness distribution curve along a surface
with no macro-irregularities (so-called spherical curve), since
the region under investigation occurred in the range of angles of

incidence of 80-90°, The section was connected with the spherical
curve at the points of the section where w + o = 85°, The bright-
nesses along the brightness meridian w + o = 85° coincided for all

sections, which showed the identical orientation of this direction
to the incident rays.

s, s L " " 4 A 1 a i . S

76 78 a0 82 84 86 88 L-ae

Fig. 13. Photometric Section No. 7.

In studying the relief of the far side of the Moon, we made
the following assumptions: (1) the visible and far sides have an
identical microstructure; (2) the floors and ridges of the thal-
assoid are uniform in terms of albedo.

Description of the Thalassoid Korolev. We determined the
coordinates of each point X and B for all the points on the sec-
tion, as well as the inclinations toward the sphere y and the
heights 2 in relation to the closest point, which are given in
the Appendix. We constructed the profiles for all the sections.
Figure 14 gives the profiles of the heights along the sections
(height scale: 1 division is 1 km). The zero-point of each sec-
tion was taken as the point which had zero inclination to the sphere.
These points occur on the brightness meridian of w + a = 85°. We
will take the geometric position of the points with zero inclina-
tion as the level for all the sections. This allows us to consider
all the heights as interconnected, and to construct the relative
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chart of the iso-heights of the thalassoid. The relative excesses

of points a distance of 5-10 km from each other were found to be
equal to 200-500 km, which corresponds to deviations of 1/20. Con-
sidering the value of the change in slopes, we can assume that the
inner slab of the thalassoid is surrounded by two ring-shaped faults.
The radius of the inner slab is 2° in longitude, that of the first
ring is 4°, and that of the second ring is 8°. The slopes of the
irregularities of the inner portion of the thalassoid are in corre-
spondence with the slopes of the scarps of the maria regions on the

visible side, and occur within the range of 0-2°. The irregularities
of the first ring have inclination of 2-4°, and those of the second
have 3-7°. The second ring is speckled with craters. The ridges

of these craters have slopes of 10-25°,

Formations similar to the thalassoid were found on the visible
side after rectification of the lunar photographs [21]. These forma-
tions include [22] Mare Nectaris, Mare Humorum, Mare Imbrium, Mare
Humboldtianum, Mare Orientalis, etc. Thus, ring-shaped faults and
mountain chains apparently should accompany all the maria of regular
shapes. It is possible that the establishment of such a character-
istic of the entire surface of the Moon will show that the vast
ring-shaped basins are the oldest formations, arising as a result
of the deposit of the lunar crust. The ridges of sunken craters
can be seen at the bottom of many maria; however, there are many
fewer such ridges in maria of regular shapes than in those of
irregular shape, such as Oceanus Procellarum, Mare Nubium and Mare
Tranquillitatis. The existence of phantom craters indicates that
the basins are filled with lava, but that the thickness of the
lava varies. Considering the photographs of the far side of the
Moon, the thalassoid Korolev does not show any phantom craters at
the bottom or damaged craters along the edges. This characteristic
is also observed in the thalassoid with coordinates of the center
of B = 0, A = -131°,

The relief of the visible side of the Moon 1s smoother. This
is possibly the result of the eruption of lava in the region of
Mare Imbrium and its subsequent spreading over the entire hemi-
sphere.

A comparison of the near and far sides of the Moon would be
more complete if there were a hypsometric map of both hemispheres.
This would allow us to evaluate different levels of the maria
regions and similar areas, as well as the depths of craters, and
it would aid in finding the principal factors affecting the origina-
tion of the morphological characteristics of the lunar relief.
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STRUCTURAL CHARACTERISTICS OF SOME CRATERS ON THE
FAR SIDE OF THE MOON

M.N. Mironova

ABSTRACT: The profiles of 29 craters on the
far side of the Moon are reviewed. The photo-
graphs obtained by the automatic interplanetary
station Zond-3 were used. The photometric
method of investigating the Llunar surface was
applied, and the method of obtaining the pro-
files of craters from lunar photographs taken
from a spacecraft is described. The size and
form of the lunar craters on the far side are
similar to those on the near side. The depth-
to-diameter ratios obtatined for the craters
under investigation are the same as those assum-
ed for the eruptive craters. The older craters
have greater dimensions and depths and look
like a "cup'". Younger craters have inner
shapes in the form of the frustum of a cone.

It appears that the crater formations on the
far and near sides of the Moon are the same.

Annular structures are one of the most remarkable features of
the lunar relief. Many years of studies on such formations on the
near side of the Moon have allowed us to establish the character-
istics of their structure, to find the statistical dependences
between the magnitudes characterizing their form, and even to draw
conclusions on the nature of the process of the arisal of ring-
shaped mountains on the Moon.

The ring formations, of sizes ranging from several hundreds
of kilometers to one-half a meter and smaller, cover the surface
of the Moon in a so0lid mosaic structure. Their shape varies:
cup-like formations and ones in the form of the frustum of a cone
can be distinguished [17]. It is possible that the "roundness" of
the form is frequently lost [2] because of ruptures and faults in
the lunar crust. The inner slopes of the ridges of all the craters
are steeper than the outer ones. It has been established that the
curvature of the inner slope decreases with an increase in the
diameter of the crater. Craters with central mountains usually
have more steeply ascending ridges than craters of the same size
without central peaks [1].

The "Schr8ter rule", according to which the internal volume of

the crater is equal to the volume of masses ejected from it, is
not satisfied for all objects [3].
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It has been established that the ratio between the depth and
the diameter of lunar craters is well represented by the dependence
obtained for similar characteristics of eruptive craters [4,5].
Studies of the age sequence of the ring forms have shown that, in
the majority of the cases, the younger craters are smaller in size
and their bottoms are deeper [3]. The ring formations on the far
side of the Moon do not differ from like objects on the near side
in terms of their general nature and structure [6]. It has been
of interest to obtain the gquantitative characteristics which descibe
the shape and structure of the ring formations on the far side of
the Moon, and to compare them with the known characteristics of
formations on the near side.

A description of the method of obtaining these characteristics
and the principal results are given in this study. Some of them
were published in [11].

The height profiles of about 40 craters were constructed and
such characteristics of the craters as the principal diameter, the
depth, diameter of the floor, curvature of the slopes of the ridges,

ete. were taken.

We used the photographs of the far side of the Moon which were
obtained from the automatic interplanetary station "Zond-3". The
characteristics of these photographs are given in Table 1. The
negatives were measured on the automatic microphotometer MF-4 with
a record of the blackenings on the recorder tape. The scanning
was carried out along the lines. The size of the aperture was

0.05 x 0.15 mm.

TABLE 1

Selenographic | i
Coordinates Distance

I Moment .
So |} of therﬁ;;g:fuglpStrw from the
o %2 Photo=j—-—= roint Spacecraft
- & graph ’ ., p to the Lunar
| (UT) A Surface, km
22 2/15m16s 129085 —23°46/
26 224 12 132 0? 32 g() }?g??
28 228 40 136 22 24 42 11456

The photometric method of studying irregularities in the lunar
surface was used in order to obtain the height profiles of the
craters. The method selected for studying the relief allowed us
to construct the height profiles of the lighted ridges and craters,
according to one negative, while the shadow method would give only
one characteristic in this case - the height of the ridge.

The principal theories of the photometric method are described
in [7-9], where the results of its application to photographs of
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the Moon obtained from the Earth are also given. A study of the
negatives transmitted by the AIS "Zond-3" required a further devel-
opment of the photometric method with a consideration of the charac-
teristics of the Moon photographs obtained at close range. The
method which we used is described below.

For the ground observer, the maximum difference between phase
angles for regions of the lunar surface at the center and in the
vicinity of the limb is within the range of 0.5°. For a photo-
metric investigation of such a negative, this value is disregarded,
and it is assumed that the direction from the observer to the cen-
ter of the Moon and that from the observer to any part of the lunar
surface are parallel. In this case,
the image of the Moon on the negative
can be considered as a perspective

Z?\ orthographic projection.
\)
‘
\mﬂﬁ}% 'fﬂ\\\ The difference between the direc-
>{/ A [ tions to the spacecraft for the central
N and 1imb regions can be substantial
S~ -4, on photographs of the Moon obtained

from a spacecraft (at a short distance).
It reaches 9° for the negatives from
Fig. 1. "Zond-3". In order to use the method
developed in [7-9], those rather small
regions of the lunar surface for which the image on the negative
could be considered as an orthographic projection were taken for
the investigation. In studying the craters, the dimensions of these
regions were limited by the dimensions of the crater itself. It
was necessary to find the position of the center of the Moon's disk
as seen in this direction, and to construct the corresponding in-
tensity equator for each such region projected on the negative by
a parallel pencil of rays.

Let us determine the selenographic coordinates of the cited
"center of the disk" according to the known coordinates of the point
of the surface below the apparatus and the center of the region under

investigation. The latter were taken from map No. 18 (scale 1:5000000)

in [111].

Let us examine Figure 1. Let C be the center of the lunar sphere;

K is the position of the spacecraft at the moment of the photograph-
ing @y is the region of the lunar surface under investigation; <

CKOy = p 1s the angle between the directions to the center of the
lunar sphere and to the region under investigation. G, is the center
of the lunar disk seen from infinity in the direction X@,. From

the oblique triangle KC@y

sinz

tanp = c
coseCc ®—COs 2
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where 7 is the parallax of the Moon at a distance of KC, 2 is the
angular distance on the lunar sphere between the point on the sur-
face below the apparatus and the center of the region under inves-
tigation.

The selenographic coordinates Ay and By of the "center of the
apparent disk" were calculated according to the following formulas:

~osin(h—2x4) cosBasin (z4-p)
cos f,
sin f,=sin  cos (z+p) -I- cos P sin (z+p) X (1)

o 'Sﬁ;() ‘IT) cas ’1;1\-2
’ 1 1_ v AT s 1
< V/~ ( Stitz )’

where X, B and A4, By are the selenographic coordinates of the cen-
ter of the region under investigation and the point on the surface
below the apparatus, respectively. The coordinates of the "center
of the apparent disk" calculated according to the formulas in (1)
allowed us to find the phase angles o, for the regions of the lunar
surface under investigation.

sin (h—2,) =

The photometric cross section of the crater passed through its
center parallel to the intensity equator of the corresponding region.
The positions of all the local intensity equators were determined
according to their ratio with the principal intensity equator. The
latter represented a halo around the Moon, passing through the sub-
solar and sub-instrumental points.

36



In order to plot the principal intensity equator on the nega-
tive, it was necessary to know the selenographic coordinates of a
number of its points. We will examine a regidon of the lunar sphere
(Fig. 2) for this purpose. A4S is the principal intensity equator,
and AS’' is the selenographic parallel passing through the sub-
instrumental point 4A; SS' is the arc of the meridian passing through
the subsolar point 5. Let us single out,a number of points on the
principal intensity equator (near the sub-instrumental point) Li, Lo,
L3gy.o.sly, with photometric coordinates of 713, 23, Z3,...,2, and
by = 0, byg = 0, by = 0,...,byy = 0, i.e., with coordinates assigned
to the plane of the principal intensity equator. We can find from
the right spherical triangles SAS' and LydLy,' that

l,sin (Bs—B,
sin (3,—Pa) = - sin [ sin (Bs—Ba) )
sina
s/ (2)
sin (A,—%4) -G08

cos (B,—Ba)

where 7, is the photometric longitude of the n-th point, which is
read off from the subsclar point and is positive in the direction
toward the sub-instrumental point. The formulas in (2) aid in
determining the selenographic coordinates of a number of points

of the principal equator and to plot them first on the map and then
on the negative.

The positions of the local intensity equators were determined

in the following way. Let us again examine a region of the lunar
sphere (Fig. 3). The points § and 4 have the same significance
as in Figure 2. (G4 is the center of the apparent disk for the
region under investigation, SG, is the intensity equator of this
region, and S4 is the principal intensity equator. The arc 5G, =
ay is measured according to the phase angle of the region under
investigation. It is easy to find this angle according to the

known coordinates of the subsolar point S and the coordinates of the,
point Gy obtained according to the formulas in (2).

The angle on the sphere Ay between the principal and local
intensity equator of the region under investigation can be found
according to the following formula, derived from the spherical
triangle:

. COSpP — COSaCcoso,
COS Ay == - .
sinasina, (3)

Knowing the angle %9 , which is constructed between the prin-
cipal intensity equator and the record line on the negative (in
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the region of the sub-instrumental point, as well as the angle Ay),
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it is easy to calculate the angle ¥, = Yy + Ay between the local
intensity equator and the record line. This angle is also con-
structed between the record line and the corresponding photometric
parallel passing through the center of the crater. The latter
allows us to plot the position of the photometric cross section

on the negative.

Figure 4 gives an enlarged print of part of a negative with
an image of the crater Avogadro, in cross-section form. The photo-
graphic densities were taken at the points of intersection between
the cross section and the record line, and the curves of density
distribution along the section of the crater selected were con-
structed.

Fig. 5.

Photometric uniformity was suggested for all the regions of
the lunar surface under investigation. A spherical curve represent-
ing the brightness distribution of the horizontal regions located
on the intensity equator was constructed along the floors of the

craters. The small difference in phase angles for all the craters
studied (within the limits of 4°) showed that we could limit our-
selves to one spherical curve for each negative. The spherical

curve for the 22nd photograph is constructed in Figure 5 (absicssa,
photometric longitude; ordinate, photographic density).

It was assumed that the regions of the lunar surface which are
identically oriented have identical brightnesses and, corresponding-
ly, identical photographic densities.

The slopes of small regions of the crater ridge (4 x 4 km) were
determined according to their relation with the selected part of
the floor of this crater. The difference in albedo between the
floor and ridge of the crater, which was insignificant for highland
objects, was not considered. The method of determining the slopes
according to the difference in photographic densities was the same
as in [9]. TFor an example, Figure 5 shows a superposition of a
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spherical curve for the distribution of densities along a section
passing through the center of the crater Avogadro. The parts of
the section which occur above the spherical curve are inclined in
the direction toward the Sun. Those occurring below are inclined
away from the Sun. The angle of inclination of the region under
investigation is measured according to the difference in longitudes
of this region and the horizontal unit of the lunar surface whose
photographic density is equal to the density of the unit under
investigation.

hum

2

Figure 6 gives a schematic diagram of the construction of the
height profile for the crater Avogadro. The relative heights are
plotted along the ordinate axis, and the distances between centers
of the units of the surface under study are plotted along the
abscissa axis. These distances served as the bases by which we
could calculate the relative heights according to the measured
inclination. We took the region of the floor of the crater selected
(marked off by an arrow) as the zero level for reading the heights.
The slopes were determined according to their relation with the
tentatively horizontal region.

Figure 7 shows a part of the map of the far side of the Moon,
with an indication of the directions of the cross sections of the
craters under investigation.

In the article entitled "Height Profiles of 29 Craters on the
Far Side of the Moon'" in this collection, the profiles of craters
obtained by the method we have described are given.

An analysis of these profiles allowed us to determine the
characteristics of elements in the structure of the craters being
studied. These characteristics are given in Table 2, in which the
index number of the crater is noted (see Fig. 7 also)}; the number
of the figure in the Appendix; the number of the object according
to the catalogue published in [11], the name of the crater from the
list of suggested names in [11l], the selenographic coordinates of
the center of the crater Xy,, By, the number of the photograph N
obtained from the AIS "Zond-3"; the principal diameter d, measured
according to the center between crests in the ridge; the diameter
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TABLE 2

e

19
N_ e 3 NO .
o. g'ﬁ Object Name of A 6 N
_Cra:ter [ _[11]____‘ Crater [11]
1 1 81 Gerasimovich .28.5° —926.5 28
2 2 9B —_ 131.0 2.0 28
3 . — 131.0 12.0 26
3 4 8F Lindblad 131.5 27.0 28
4 5 50 Toffe 131.0 16.5 28
6 131-0 16.5 26
7 131.0 16.5 22
5 8 9A .= 132.0 11.0 26
6 9 51B Shaijn 134.0 20.0 28
- 22
7 10 51A — 134.0 18.5 28
— 26
— 22
8 11 59 Mohorovicic 135.0 23.5 %g
9 12 60 Jones 126.0 27.0 28
10 13 51J — 136.0 17.5 28
11 14 51J — 137.0 17.0 28
12 15 46G Sharonov 138.5 16.5 38
6
. 22
13 16 51CE Kimura 138.5 18.0 28
_ | 26
14 17 46H — 141.0 13.0 28
5 18 45 Michelson 142.0 12.0 28
- 22
16 19 41H - 142.5 18.0 28
17 2 41GH — 143.0 17.0 28
18 21 55E Krasovsky 143.0 25.0 28
19 22 43 Obruchev 142.5 20.0 28
20 23 424 — 143.5 19.5 %8
- 2
21 24 55C Helmert 145.0 26.0 28
22 25 41B ) - 145.5 15.5 28
23 26 25G Tikhov 145.5 11.5 28
24 27 41A Avogadro 146.0 17.0 28
24 27 41A Avogadro 146.0 17.0 36
2
25 28 41BB — 146.5 15.5 28
26 29 25 Sechenov 146.5 9.5 Qg
2
27 30 4BB 0. Schmidt 147.0 20.0 gg
28 31 27H — 149.0 13.0, 28
29 32 20 Langemak 151.0 + 0.5 22
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H8 19
138 5
27 5
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85 35
120 40
85 23
24 4
40 15
49 15
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6O 20
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o 14
40 13
17 <4
29 4
30 4
33 4
32 9
98 9
05 13
52 12
55 20
it <4
20 <4
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40 ~10
44 ~10
49 18
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67 29
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u.8 0.2 3.0
0.5 0.6 4.0
1.1 0.2 2.0
5.1 1.0 4.0
5.0 1.0 4.0
3.8 i.1 5.5
o7 0.1 2.5
9.5 — 1o
2 — 12 0
2.4 — -
1.8 — —
5-2.1 — —
2.0 30 5.0
2-3.6 L300 6.0- 12,0
6 -3.0 0.6-1. 30
4.0 — 3.0
H-0.8 0.3 4.0
2.2 0.6 5.0
2.0 0.5 10.0
I.R 0.2 2.0
2.0 0.6 2.0
1.9 — e
i.2 0.2 2.0
2.7 0.9 4.0
2.5 1.8 8.0
1.6 0.5 3.0
0.6 Q.5 2.0
1.0 0.5 4.0
2.2 0.5 3.0
2.2 0.2 —
2.9 — —
3.7 0.5 2.5
1.5 0 0
1.8 0.3 3.0
1.8 0.2 2.5
.3-2.2
2—1.5 0.7 2.0
1.0 0.4 4.0
2.3 0.8 4.0-5.0
5—-3.5 — -—
2.7 0.7 4.0
2.8 — —
0.9 0.2 4.0
5.6 ~4.5 11.0



of the floor df; the maximum inclination of a region of the inner
slope of the ridge o'; the depth of the
crater from the floor to the crest of the
ridge Z; the height of the ridge in rela-
tion to the surroundings H; the maximum

+4 inclination of the outer slope of the ridge

i B'; the age group of the crater, given in

4 ’ Roman numerals.

log d

The characteristics collected in Table
2 allowed us to establish some particular
features of the structure of the ring-shaped
mountains. Figure 8 gives a curve express-—
ing the relationship between the diameters
0 and depths of explosive craters [10]. It
- was shown in [4,5] that the majority of
g0 ! 7 ’log h craters on the near side of the Moon obey
this dependence. The points on the Ffigure
represent ring-shaped objects on the far
side of the Moon, and the small squares
designate eruptive craters. The position of the points on the
graph allows us to assume that the ring-shaped mountains on the
far side of the Moon also arose as the result of an eruption.

All the craters which were investigated were divided into three
groups according to the degree to which they were preserved. The
criterion for belonging to a certain group was the degree of pre-
servation of the crater ridges and the overlapping of other craters.

Group I included the oldest craters studied, whose ridges and
floors were damaged by younger craters which had formed at a later
time. For example, of the two superposing craters Krasovsky and
Helmert, the first crater should be related to group I, since its
ridge was damaged by the crater Helmert, which formed later, and
whose ridges were damaged by even smaller craters. The crater Hel-
mert was included in group II, which is the intermediate group.
Group III included craters whose details were well preserved.

The age division of the craters which we have described was also
reflected in the characteristics of their structural elements. Group
I joined together the largest craters, whose principal diameter
was equal to 30-100 km, and whose depth was 2-5 km (a depth of 2.5
km predominates). The craters were shaped like a cup (for example,
Toffe, Langemak, Michelson, etc.), and the ridges and floors were
broken up by smaller craters (Sechenov, Gerasimovich, Mohoroviviv).
Most of them had central mountains (Michelson, Gerasimovich, etc.).

Group II includes craters with diameters of 20-50 km and depths
of 1-3 km. The shape is either like a cup (Avogadro, 0. Schmidt,
Obruchev, etc.) or in the form of the frustum of a cone (Tikhov,
27H, etc.). As was already mentioned, this group has intermediate
characteristics.
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Group III includes the parasitic and individual craters with
diameters of 16-40 km and depths of 0.5-4 km. Most of the craters
are similar in form to the frustum of a cone (42A, 51J, 41B, 41BB,
etc.). These craters have the greatest deviation in curvature of
the inner slopes (2-13°),

The characteristics of the structure of craters of different
ages make us think that, during the development of the lunar relief,
there was one force which acted, forming ring-shaped mountains which
were at First large and then smaller. The difference in shapes
of the large and small craters which is observed was due to the
longer effect of erosion on the older ridges of the large craters.

Thus, the characteristics contained in Table 2 and the parti-
cular features in the structure of single craters allow us to draw
the following conclusions concerning the ring formations (craters)
on the far side of the Moon:

1. The size and shape of the ring-shaped mountains on the
far side of the Moon which we have studied are similar to those
of analogous formations on the near side.

2. Just as for the near side, the curvature of the inner
slopes of the ridges of the craters studied are greater than those
of the outer slopes.

3. The relationships obtained between the diameters and depths
of the craters obey the dependence established for eruptive craters.

4. The older craters have greater size and depth. Their shape
is similar to that of a cup, while the shape of the younger craters
is close to the frustum of a cone.

5. The asymmetry between the near and far hemispheres noted
by the first researchers studying the far side of the Moon was not
reflected in the structure of the ring-like mountains on the far
side of the Moon. As investigations showed, the nature and struc-
ture of these forms of the relief are identical on the near and
far sides of the Moon.
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HEIGHT PROFILES OF TWENTY-NINE CRATERS ON
THE FAR SIDE OF THE MOON

M.N. Mironova

ABSTRACT: The profiles of 29 eraters on the far
side of the Moon are shown. The method used in
obtaining these crater profiles and an analysis
of the results obtained are given in the preced-
ing article by the same author.

The height profiles of 29 craters on the far side of the Moon
are given in this study. Three photographs of the far side of the
Mocon, obtained from the spacecraft "Zond-3", were used in order
to construct these profiles. The method of constructing them
according to photometric sections of the craters and the character-
istics of the materials used are discussed in the preceding article.
That article also analyzes the results obtained and contains Table
2, in which the data characterizing the different structural ele-
ments of the craters under investigation are collected.

The numeration for the figures corresponds to the numeration
of the craters in Table 2 of the preceding article.

Since the directions of the photometric cross sections of the
craters did not coincide on different photographs, different graphic
representations were introduced for the height profiles obtained
according to the different photographs (the solid line designates
the 28th photograph; the dotted line represents the 22thj; the
dashed line designates the 26+th photograph).

On the figures, one division along the abscissa axis corre-
sponds to 10 km, and one division along the ordinate axis corre-
sponds to 1 km. The shaded regions of the crater ridges are marked
off by a thick dotted line.

In order to depict the outer slope of the eastern (shaded)
ridge, it was suggested that, in some cases, its height be made
equal to the height measured for the opposite ridge.

The profile of each crater was drawn twice: on the lower part
of the figure, the scale along the abscissa axis is ten times less
than the scale along the ordinate axis, and, on the upper part,
the scale is identical along both axes, which makes a clear repre-
sentation of the curvature of the ridges.

L6

i
[N 1]



Nt

B 20 40 60

Fig. 1.
hxty
5|¥ npred
0 ¢ I e et e 5t-
g a0 ‘l 40 O T sy T T e
i 20 0 T 20
5
' /|
| o
- ~<
(I . . 7 D ./,/,, Dl
0 20 4 40 dir 20 a 20 dyrt
Fig. 2. Fig. 3.
Te———
40

20 0 7 20 40d,m

L7



h.}\'M‘
o
/I SO CU G P

N

hyeri |
5} e e e
0 E \ : Pt TN TP SR S W
60 40 20 0l 20 40 60

/y(/‘f
5= P L i s PUTURPRTTLTTT9
gb " L . . 17 YT SPPPLPTYS LULT UL LL L il X
60 40 20 4 t 20 40 60
.on-u'....“\ o'......-.
3 .-"’....” \ "..
3 oo \ S
\ aves’
\ S
I \\ .‘.'
. \ a
! \
L L 1 L . L :\"- ...--"'T'.m ' L 2 L
80 40 20 04 20 40 60 dymi

L8

== R,



{l O ——T T e—— 2. s T S

20 0 f 20

5
o . T
IR O Rl et 1 R, £ S Ak e e

40 20 a4 20 al 60

Ceonts,

s, N -
“eaert, . / A
N K .,

N o
\v. '."‘ ’
. PN
20 a 20

}
|

e,
.
——

40 60 d,im

Fig. 9.

hnrs

0 t} orve e s e TSI ansaaneenceostean,,
(ARSI BRI Dt - N N LY, TS see

R

g oy i
40 20 0 * 20”’ o L-ﬁ‘g —_—

e



/7‘,‘(14 {
5
| \
ok \ N i — . ; . ;
40 20 to 20 40
2
40 20
Fig. 12.
b
7 I
14 ;__I%M:‘»—,
? g 20 40
|
’ L
N

Fig. 13.

50



a .M

15.

Fig.

l6.

Fig.

40

20

40

20,

-+

. 17.

Fig

51



| '—'J'\"«\-.,," VTN
/. LS PP T XYYy S L LA R S 5. 11, bek o TS S
20 0 20 40 60

20 0 I . 20

52



53



i
s
0 E__ ' l\,\‘u‘\ L T f R B f
@0 20 0 20 40 )
4 N
—h,-h\
\
\
\
\\
? \
\
\
- \
\ J
) ' . 1;:‘7\- L S IS S
40 20 04 20 40 60 dpm
Fig. 2u.
h.I(M}
5 =
ST T L T T T

Fig. 25,



|
5 .-
g g/‘—’—\l R ' I B e A~
40 T——20 0
! |
§
0|‘ — ~ T
t
!
|
—’l
Fig. 26.
/7./‘(/‘4 f
5 ]
0 ( »___’_—;;1,.&.':‘:%:* e ,5.—;.:5:1,‘_‘”_,_,_.
Eo—t R 1 R ] i \
20 10 20 40
3
1 L

55



-
3
<
-

7 o 20 o
\
\

-

Fig. 28.

fen _
e o—— —_

0 20 ‘\ét // 20 40 60 dur
_/L A
Fig. 29.

56

&



-
\...,lm,—.—;;.‘;rr‘“:‘"" ) Il
20 60

h,x»;
0 b
40 20 t 0 g

2 \
N
\\ £
b \\ i
N 5
\&' R
| RS SRR IR Bt S YRS 2 PRI e e s ey L el
20 I/I V7 40 60 gy

hﬂ(lg ‘__ PR .”..._,..ouou.
0 E et . L LT yose aensesepangeesoreet e
50 40 20 0 20 40
e
AN ;
< \ s
4 )
4 \ J
\\ ;
L ; §
..-’" \\\ H
2 . \\ ,-‘:
'f. \\ &
\ oo
\ v, .-...--
U " 2 PR, VOPR T L] L il caat® N s N s
40 20 ot 20 40 dam

Fig. 32.

57



OPTICAL CHARACTERISTICS OF THE MARS ATMOSPHERE OBTAINED
ACCORDING TO CONTRAST MEASUREMENTS

I.K. Koval'

ABSTRACT: Photometric data on the contrasts be-
tween the highlands and maria of Mars, measured
in different spectral regions, are analyzed. The
optical parameters of the Mars atmosphere are
determined. Some assumptions on the behavior

of the true contrast over the spectrum are made.
The results show that the model of the scatter-
ing atmosphere with optical thickness of approx-
imately 0.2 at 0.43 uw Zs8 in good agreement with
the observations.

After the polar caps, the dark regions of the Mars maria are
the most remarkable details of the planetary disk. As a rule, any
photograph of Mars obtained on lines with wavelength greater than
0.5 p contains regions of rather large maria. Many years of ob-
servations have shown that the contrast between the Mars maria and
the neighboring highland regions is not identical for different
maria. The maria of aerographic longitudes of 280-60° have the
greatest contrast, and those of the longitude interval of 80-240°
have lowest contrasts. We will discuss the reasons for these changes
below.

Thus, systematic observations carried out during a total appar-
ent revolution of Mars (around 40 days) can give a complete aero-
graphic-longitude sweep of the highland-mare contrast. A recycling
of the measurements, which is achieved by observations during the
course of several oppositions or by prolonged observations during
the period of one opposition, can serve as the basis in clarifying
the changes on the planet connected both with the maria themselves
and with the Mars atmosphere.

The problem of the optical properties of the Mars atmosphere
is discussed in this study on the basis of photometric data con-
cerning the highland-mare contrasts, obtained recently by the author
and other observers, This way of studying the Mars atmosphere was
also used earlier in [1,2]. The calculations presented were of a
preliminary nature, and showed that the contrast method of investi-
gating the Mars atmosphere deserves attention.

Photometric Data. The very first photographs of Mars, which

were obtained by G.A. Tikhov and then by Sleifer, Wright and Ross,
showed that the highland-mare contrast decreases smoothly toward
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the violet end of the spectrum and, as a rule, disappears completely
around 0.4 u. Some observers are particularly occupied with the
establishment of a spectral limit to the disappearance of the high-
land-mare contrast, and, meanwhile, we can mention only the wave-
length interval in which this boundary is included for a normal
state of the Mars atmosphere (absence of so-called violet trans-
illuminations). When the 1limit for detecting a contrast is equal
to 0.05, this interval is limited to wavelengths of 0.43, 0.47 n
for photometric observations. However, as photometric observations
during several oppositions of Mars showed, the highland-mare con-
trast can be reliably measured during certain periocds even around
0.43 w, where it sometimes reaches 30% of the value near 0.7 u.
Finally, the contrast in the violet rays can reach 80% of the value
in the red in rare cases. These instances were called the moments
of the illuminations in the violet layer of the Mars atmosphere.

The fact of such illuminations 1s very important in itself,
since, being connected with atmospheric extinction, it allows us
to draw definite conclusions on the course of the true contrast
over the spectrum, as well as the variations in optical thickness
of the Mars atmosphere, which sheds light on the nature of the so-
called violet layer.

However, not every report of a rather clearly visible Mars
mare in the violet lines should be taken as an indication that the
transmissivity of the Mars atmosphere is increased.

The fact is that the highland-mare contrast in the red region
of the spectrum changes very strongly according to aerographic
longitude. For example, as our measurements [2] at all aerographic
longitudes showed (the measurements were taken near the center of
the planetary disk), the contrast changes in June-August of 1956
from 0.14% to 0.41 for 0.65 u. Naturally, when the transmissivity
of the Mars atmosphere is unchanged, the darker maria in the red
lines can involve an increase in the corresponding contrast in
the violet lines. Thus, i1f the observations are carried out during
a time interval which does not exceed the period of an apparent
complete revolution of Mars, i.e., without repeated observation
of the same details, it is very difficult to draw any reliable con-
clusion on the illumination of the Mars atmosphere.

A clear illustration of what we have said can be found in the
longitudinal contrast scan constructed according to visual measure-
ments in 1956 by V.V. Sharanov (Fig. 1) [3]. The period of these
observations encompasses all the aerographic longitudes with slight
superposition in the longitude range of L = 110-150°. The over-
whelming majority of observers have noted that, in September of
1956, a dust storm arose in the southern hemisphere of Mars and
greatly decreased the observed contrasts. Our measurements [4]
confirmed this by numerous determinations of the contrast in the
red lines, with a double overlapping of aerographic longitudes.
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Immediately after the Mars observations during this period, it
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Fig. 1. Distribution of Highland-Mare Contrast by Aerographic
Longitude of Mars in 1956 (Measurements of V.V. Sharanov with a
Visual Photometer).

was reported in the literature that, in September of 1956, the con-
trasts on Mars were sharply decreased until they almost disappeared

completely. It was then concluded that there was an abrupt decrease
in the transmissivity of the Mars atmosphere in the visual and red
regions [5]. At the same time, as can be tlearly seen in Figure 1,

the September period of observations carried out by Soviet observers
(second half of September and later) occurs in a longitude range
with low contrast in general. Therefore, we can speak only of

some decrease in contrast due to the "dusty haze". It can be seen
from Figure 1 that the contrast remained the same in the middle of
September as in the first half of August, corrvesponding to the same
interval of aerographic longitudes as in September. Our measure-
ments, which we will discuss below, show that the contrast decreased
on the average by a factor of 1.5 (from 0.20 to 0.13) for 0.65 u
during these periods [8]. -

Thus, in studying the variations in transmissivity of the Mars
atmosphere according to measured highland-mare contrasts, we must
have information on their average values in the red lines for all
the aerographic longitudes, which is derived on the basis of long
observations during several oppositions.

Obviously, all the above must also be kept in mind in studying
variations In the transmissivity of the violet layer and the change
in albedo of individual maria.

Let us briefly discuss the other factors which have a substan-
tial effect on the result of measurements of the contrasts on Mars.
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One such factor, which always effects a decrease (blurring) of
the real contrast values is the atmospheric vibration of the image.
If during visual observations we can almost always catch a moment
when the image of the planet becomes rather clear, then, in photo-
metric observations, particularly with small telescopes and light
filters requiring a recording time of several seconds, the result
of the contrast measurements depends very strongly on the turbulent
state of the Earth's atmosphere.

As our photoelectric observations in 1963 [7] and 1965 [8]
showed, the width of the profile of the diffuse image of the star,
which is generally well approximated by a function of the type
exp(-x2/202), undergoes substantial oscillations (o = 1-2") for
satisfactory steadiness of the image over visual evaluations. All
the data which have presently been obtained on the contrasts on
Mars are based on measurements either with a visual photometer or
according to photographic material. In both cases, the recording
time greatly exceeds the rate of vibration of the image, which
must necessarily lead to a blurring of the real contrast.

For an example, we calculated the contrasts K arising as a
result of the effect of a Gaussian contour with different wvalues
of the parameter o on a large detail differing in contrast K; and
size Ary located at the center of a Lambert sphere. The calcula-
tions were carried out for values of Xy equal to 0.1, 0.3 and 0.5
and for a diameter of the detail of Ary; = 0.05, 0.1, 0.2, 0.3Rd
with values of o = 0.02, 0.05, 0.10 and 0.30 RS .

Table 1 gives values of the ratio X/Ky; (0.1 = Ky = 0.5), which
was found to be practically independent of Ky for the set of values
of this parameter which we selected.

As can be seen from this table, the "observed" contrast for a
detail with diameter of 0.2RJ and preliminary contrast of 0.1-0.5
decreases by 30% at o = 0.1 Rg and almost by a factor of three

at ¢ = 0.15 Rod . For a radius of Mars equal to 10", this example
corresponds to ¢ = 1" and 1.5", which is close to the actual ob-
servational conditions. Under these conditions, for example at

o = 1", the diameter of the detail should be no less than 3.5" to
achieve accuracy in measuring the contrast of no less than 10% on
a disk with radius of 10",

TABLE 1

e JEU— .q — -
ar, ) | | ‘ ]

p NN 0oy (AN TEIT A I ) ‘ 0.0

N R l

030 1.00 007 0.92 0.58 0.05
0.20 a0 0.98 0.73 0.32 0.02
0.10 0.9 0.66 0.36 0.12 0.0]

0.05 0.50 0.25 0.i2 0.02 0.00
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Thus, the value of the contrast measured on the planet depends
to a great extent on the turbulent state of the Earth's atmosphere
(on 0); therefore, observations of this type should be accompanied
by supplementary observations which can give certain necessary
criteria for subsequent analysis of the data obtained. Without
such a control, the measured variations in contrasts could be
deceptive.

In addition to the cited blurring of the contrasts, the atmo-
spheric vibration brings about a broadening of the detail, which
can be seen clearly in Figure 2, showing the change in rectangular
profile of the detail at the center of the Lambert sphere for
different Kg, Ary and o. At Arg < o, the detail becomes pract-
ically imperceptible for the X3 under investigation.

Unfortunately, we still do not have sufficient observational
data on the change in the parameter ¢ characterizing the '"asto-
spheric contour™. The minimum value of ¢ measured according to
images of the stars on the 70-cm reflector of the Main Astronom-
ical Observatory of the Academy of Sciences of the Ukrainian S.S.R.
was obtained on April 6/7, 1985, and was equal to 1.1" for a zenith
distance of the star close to 50°. Considering that the observa-
tions are sometimes carried out at shorter zenith distances, while
the angular dimension of the planet changes from 14 to 25" for
different oppositions, we can take the value ¢ = 1" as an average.
Then, for conditions close to the real ones (0.1 < K5 < 0.5 and
Arg ~ 0.3 RFd ), the contrast blurring is up to 10-4%0%. We can
use the data of Table 1 under specific observational conditions
in order to evaluate the possible errors. For example, in 1965,
when the zenith distance was close to 50°, while the angular dia-
meter was equal to 14", the values obtained for o were equal to
1.7" (March 23/24) and 1.1" (April 6/7), which shows that the
contrast for a detail with Ary = 0.3 RJd decreases by 80 and 40%,
respectively.

All these calculations confirm that there is need for a more
rigorous approach to an evaluation of the results of photometric
observations, particularly if it is a matter of measuring the con-
trasts in order to investigate different types of changes on Mars.
This does not mean at all that the vast amount of photographic
materials obtained to the present and those conclusions which were
obtained as a result of their analysis do not deserve recognition.
Many of the Mars maria are large enough for reliable data to be
obtained on their contrast with the adjacent highlands. The fact
of temporal changes in the transmissivity of the Mars atmosphere
also raises no doubts; however, the periods of violet transillu-
minations apparently occur very rarely.

In 1956, during the great opposition, the transmissivity of

the Mars atmosphere in the violet lines undoubtedly changed at
times. The observation program stipulated that, together with the
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photographic observations,

there must be parallel visual observa-

tions for a subsequent comparison between the sketches and the
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Fig. 2. Distortion of the Given Contrasts by the Function exp
(-x%2/062) for o = 0.05 (1); 0.10 (2) and 0.20 Rg (3); Ky = 0.5
and Arg = 0.3 (a); 0.2 (b) and 0.1 Rg (c); Kg = 0.3 and the
same Arp (d,e,f); Kg = 0.1 and Arg = 0.3 Rg (g).

photographic images (Astronomical Observatory of the Khar'kov State

University,
October 21,

reflector,
1956, N.P.

10.25").

During the period from July 7 to

Barabashov made hundreds of sketches of the

planetary disk, using red, green and blue light filters [4]. On

September 27,

visibility in the blue lines of
itudes of 70 and 200°.

and then October 21,

there was more or less clear
the maria near aerographic long-

As we mentioned earlier,

low contrast in the red lines.
maria of Mars - Syrtis Major -

At the same time,

these maria have
one of the darkest

was not observed once during the

entire period of observations on the blue line.

On April 21,
located
ually with a blue filter (Apax =
with a violet filter (X5, 0.4
carried out on the 70-centimeter
mical Observatory of the Academy

1967,

five days after the opposition,
in the longitude range of 340-60° were clearly seen vis-

the maria

0.45 p) and hardly perceptible

B). These observations were
reflector of the Main Astrono-

of Sciences of the Ukrainian S.S.R.
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by L.A. Bugayenko, A.V., Morozhenko and the author, in the breaks
between the series of programmed photoelectric observations. Ob-
viously, the Mars atmosphere during this period differed by its
relatively high transmissivity over the entire visible spectral

region.

However, all the variations noticed visually in the contrasts
on Mars can remain unnoticed in photometric studies, except for
those which are based on photographic materials obtained with ex-
posures of hundredths of a second.

Let us turn to a brief analysis of the photometric data on
the contrasts which are based on photographic observations, and
let us attempt to use these materials in order to discuss the
degree of transmissivity of the Mars atmosphere.

K
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Fig. 3. Contrast Distribution over the Longitude in 1956 (a) and
1958 (b), Found According to Photographs (® - Red Filter, O -
Green, + Blue)

Figure 3 gives the contrasts measured for filters with trans-
mission maxima of 0.43, 0.53, 0.65 and 0.75 u, obtained in June-
October of 1956, and 0.47 and 0.68 p in 1958 [9]. The aerographic
longitude of the detail L (lower scale) is plotted along the
abscissa axis, and the numbers of the points, the values of the
measured contrasts of which are given in Table 2, are written

out.

We will carry out our principal calculations according to the

6u
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observations of 1956.

for 1958.

When necessary,

Therefore,

Since no data was obtained during the entire observational
period relative to the changes in the brightness coefficient of

the highlands of Mars at the center of the disk, the optical prop-
erties of the Mars atmosphere are determined completely according

to the ratio between the measured and the true contrast.

TABLE 2
! | 0.45 . 0.53 p [ 0.65 pr b0
N ; 1 | I ! |

! K {K:Krk K lK:Krk K iK'Krk K

1 0 0.07 0.29 0.18 0.75 0.21 0.89 Q.24
2 0.12 0.33 0.21 0.67 0.34 0.95 .06
3 0.02 0.06 0.11 0.2 0.33 ].00 o)

4 180  0.06 0.29 0.13 0.62 0.19 Q.90 oot
5 Q.10 0.34 0.22 0.76 0.26 0,40 VoL

6 0.08 0.21 0.17 0.45 0.33 0 8T oo
7 0.02 0.12 0.00 0.1 (o o Ty
8 1] 0.09 .03 0.1 077 CoT TS Y
9 0.08 (3. 96 018 0t 6. ¢ 0o
10 0.11 0.30 0.10 0 03 0.9, (.00 KRR
1 180 0.12 0.0y 0.1% 0,456 0.2] 1.00 0oy
32 0.09 0.4 Q.1 50 0.2 1.0 .59
13 0.06 0.16 0.17 0.15 0.38 1.00 0.3
14 Q.08 0.22 0.15 0.42 0,30 0.97 0.36
]§ 0 0.08 0.27 0.4 0.47 0.25 0.83 0.70
16 0.00 0.41 0.11 0.50 0.18 0.82 0.22
17 0.09 0.35 0.10 0.38 0.24 0.02 0.26
18 180  0.08 0.42 0.10 0.53 Q.17 (0. &9 0.10
19 0.09 0.64 0.10 0.71 0.13 (.93 0.14
20 0.11 0.79 0.13 0.93 0.11 1.00 0.14
21 0.02 0.11 0.05 0.28 0.13 0.72 0.18
22 0 0.06 0.29 0.07 0.33 0.17 0.81 0.21
23 (.10 0.34 0.1 0.33 0.206 0.€0 0.9
Average 0.08 0.33 0.4 .56 0.23 0.90 0.26
i— 8 0.07 0.26 0.17 0.63 0.24 0.00 0.27
9—14 0.00 0.30 0.18 .60 0.20 0.94 0.2
15—-23 0.038 0.39 0.10 0.50 0.9 0.90 0.21

Table 2 does not contain the data
we will use the data of Figure 3.

Let us call p;, A; and py, A, the brightness cgefficients and
respectively,
and let us call pg the brightness coefficient

albedo of the highland and mare,

center of the planet,

of the Mars atmosphere.

As is well known [10],

near the apparent

efficient p is determined according to the following formula for
the Lambert law of reflection from the surface:

Since,

ordinarily, AC

<< 1,

A

=t T aC

we can write the following:

p=po+AM=.

the brightness co-

65



Using this formula, we find that

K
Po=P1 (1 - —k—o)

and

where

K=8"%ang, = 2—"%

For the true contrast, we can take the contrast measured for 0.75u,
where the effect of the Mars atmosphere is obviously negli%ibly
small, with a certain wavelength-dependent coefficient - 00

and we can use the following formulas:

Po=M l i C(, ) /\rr.k (l )
9 %' P] [(
Mi=¢ (» ce 2
( )/11 Koy (2)

As we mentioned above, the degree of blurring of the contrasts in
the range of 0.1-0.5 remains the same. If we assume (the assump-
tion is not too rough) that the true contrasts on Mars for all the
wavelengths under investigation do not exceed 0.5, then the ratios
of interest to us K) /Ky are found to be free of any effect of
atmospheric vibration, since ¢ is not a selective value in this
spectral range. Thus, the error in the contrast ratio is deter-
mined by the error in the photometric method. In measuring these
contrast values, the method of photographic photometry yields a
relative error equal to 20%.

Table 2 also contains the ratios K/Kypx and the average values
of X and K/K,x for three periods, each of which encompasses the
entire longitudinal belt of Mars. Table 3 gives data of the con-
trasts measured in 1954 [11] according to photographic materials
obtained by the author on the 20-centimeter refractor of the Astro-
nomical Observatory of Khar'kov State University. Eighteen maria
were subjected to investigations according to these data [12].
However, in order to use the contrasts to study the Mars atmosphere,
we selected six of the maria, which had been observed reliably two
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or three times near the central meridian after a complete revolu-
tion of the planet. The aerographic coordinates of the measured
region are given for each mare. We should mention that the observa-
tions of 1954 were carried out also with the aid of green and yellow
light filters; however, we will use the contrast ratio for the

blue light filter for our purposes, since the values for the con-
trasts are rather high and, at the same time, the transmission
maximum for this filter occurs in the spectral region in which

the Mars atmosphere appears rather clearly.

TABLE 3

(LRI | 0.01 1

Period of
Observations

! . ! } .
' av x| ¢ av,| r [ Ky i
I |

Margaritifer Sinus (p = —12°, L = 24°%)

- 6 June 0.11 0.1 0.2 021 018 0.6 D8
L -y July 0,14 0.11 0.2F 028 017 029 0.72
-2, Auglst 0.4 011 0.21 0.24 015 U388 0.OHG
Aurorac Sinus (p = 16 L - 050
sadJune_|p July T R A LI L T S I K R A
7- I pugust 0010 0.0 0T 0 e 0 u g2
Syrtis Major (p = — 107, /. =2%
o 15 June (O TR T U S AV S VA U A2 A DU T Rt
1 July (OO T U (U S A 0. B A N T T B B SR Ry
MtAugust 2 Sept. 0.1 0011 021 0.2 013 046 D46
Mare Frythracum (9 == 20", L = 40°)
sgnJune. 1g July 0-13 0.1 0.15 0.22 0.15 0.3 0.47
7--15 August 0.13 0.11 0.15 0.20 0.13 35 0.43
Sabacus Sinus (¢ = —5°, L =30
1. sdJdune 014 0.11 0.20 0.2¢ 0.18 0.25 0.8¢
Sods July 0,14 0.1t 091 023 0017 0.26 0 0.8)
15-23 pupgust 0.13 0.10 0.23 0.2 016 0.33 0.70
Mare Cimmerium (3 = —23°, L = 210")
91 June 011 011 0,21 0.20 0.13 025 0.84
25 July-3 August 0.13 0.10 0.23 0.2l 0.15 0.20 0.73
29August 3 Sept. 0.13 0.10 0.23 0.23 0.13 0.35 0.67

Optical Characteristics of the Atmosphere. It was mentioned
in [1,2] that the ratio X/Kypx for the Mars observations in 1956
undergoes substantial oscillations for day to day, and is close
to unity for certain maria in all the spectral regions.

Let us examine two possible cases connected with this.
1. The true highland-mare contrast is not wavelength-dependent

and is equal to its value measured at 0.75 u. In this case, all
the variations observed in the ratio K/K. should be attributed
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to the oscillations in transmissivity of the atmosphere. It follows
from Table 2 that the weakest change in contrast ratio over the
spectrum is observed for the point with number 20, which corresponds
to the aerographic longitude of L 5 280°, In the assumption we
made, this moment of observations corresponds to the highest trans-
missivity of the Mars atmosphere.

TABLE &4
! omw o T e
r o | | e e
po— D063, p. oo | op=oaon, Lo prem A BT,
N AORY | A L0102 i A=C | Ao | Py Ay 0,278
ol ol e T
l Py A, l Py M, Py M‘i Ty i My Pt &l I it ; i
| i i

H Q.00 0050 N NS 058 0,030 0 80 0.041 0,8 0037 0 41 0.NO5 0 o4
2 G 0 (e G g 0 0 g G A O QLS Dl el 0N 60100

3 0000 0 20 0 113 027 0 0% 059 0 117 0.58% 0.0: 0 §.00 0,00 | 00
! 0006 0,60 0.5 0,58 0,016 0.81 0,667 .60 0,025 0,95 0,03 0.9,
N 0.043 0,65 0,079 063 0G0 0 80 0,012 0,680 0. 022 0.9, 0.06213 0,05
G 0,050 .50 0,005 0,850 0 667 0,70 0,00 0.67% 0,056 0,03 0,030 1,93

7 0057 030 0,106 0.37 0,057 0.75 0,052 0.74 0,083 0,81 0,060 .81
8 0,031 0.81 0,056 0,70 0,028 0.00 0.040 0,89 0.000 1.G0 0,006 1.09
9 Q.G 007 0080 0 56 0,018 0,70 0 070 0.70 0,061 0.88 0.051 0.88
N 0.04) 0,69 0.070 0.65 0.039 0.84 0,056 0.9 0.028 0.95 0.023 0.95
1 0.0258 0,81 0.052 0.32 0 017 0.95 0,025 (.94 0.014 0.98 0.012 0.93
12 0.047 0.58 0.086 0.57 0.061 0.73 0,088 0.72 0.002 1.00 0.000 1.00
13 0.055 (.45 0.101 0.44 0.067 0.69 0.006 0.70 0,014 0.9% 0.012 0,98
14 0.051 0.52 0.094 0.51 0.070 0.66 0,102 0.66 0.G0OR 0.99 0.007 0.99
15 0.047 0.57 0.088 0.57 0.064 0.70 0,003 0.70 0.017 0.91 0.039 0.91
16 0.036 0,71 0,067 0.69 0,068 0,73 0,045 0,72 0,050 0,91 0.011 0.91
17 0.012 0 66 0.078 0.64 0.075 0.63 0.10Y 0.63,0.022 0.96 0.018 0.4
18 0.038 0.72 0.070 0.71 0.057 0.75 0.082 0.74 0,031 0.91 0.025 0.9
19 0.023 0.89 0.043 0.87 0.035 0.687 0.051 0.86 0.019 0.96 0.116 0.95
20 0.014 0.98 0.025 0.96 0.005 0.09 0,012 0,99 0.000 1.0n0 0.000 1.00
21 0.053 0.37 0.107 0.36 0.087 0.51 0.126 0.54 0.078 0.83 0.064 0.85
22 0.046 0 GO 0.085 0.58 0.081 0.59 0.117 0.58 0.053 0.90 0.044 0.90
23 0.043 (1.65 0.079 (.63 0.075 0.63 0.109 0.63 0¢.028 0.9, 0.023 0.95
Avepage 0.043 0.62 0.080 0.61 0.053 0.75 0.077 0.76 0.029 0.94 0.024 0.94
Assuming that ¢(i) = 1 (1), we will determine py for this

moment. Using the tables of [13], and assuming that there is

pure scattering and a spherical index according to the value of

po found, let us find t. Knowing 7 and using (2), we will deter-
mine Ay according to the tables in [14]. The values of A; thus
found are given in Table 4, They were used subsequently in cal-
culations of the function M according to (2) and for other observa-
tion periods. Figure 4 shows the dependence of the brightness fact-
or on the wavelength for a Mars highland at the center of the disk,
As can be seen from the figure, the energy distribution in the Mars
spectrum which was found according to the method of photographic
photometry with filters differs substantially from the spectral

and photoelectric data. Without analyzing the reasons for this
deviation, we used both values of p in the subsequent calculations.
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The final data for py are given in Table 4. Table 5 shows the values

for the optical thickness T and the probabilities of quantum sur-
vival w for three values of the Ffirst coefficient is an expansion
of the scattering index into a series by Legendre polynomials z;.
In determining them, we used the average values of py and M given
in Table 4, as well as the tables of [13,14]. We then calculated
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Fig. 4. Function of the Brightness Coefficient with the Wavelength
for the Mars Highlands (1 - Spectral and Photoelectric Data; 2 -
Data of Photographic Photometry).

the wvalues of the brightness coefficient of the limb of the Mars
disk pyp (» = 0.85 R d& ) according to the values found for 7 and w,
and we presented them in Table 6. The observed values of pn

at the edge of the disk and the final values for the parameters

4y, x1, w and 1t are given in Table 7 (the subscripts correspond
to Table 4),

TABLE 5
T o T omam 045 p
| T pyee0.063 | 020120 | - 0120 | p,-0175 0520 | p, 0.278
S N R e A
! T w < o T | w ! T e ! T o+ om b= ; w
R IO T T D IO U R T S "
0.0 0.57 0.4} 0.67 067 0.3) 0.61 041 .78 001 0.9 0.1y 1 a9
1.0 0.72 0.57 0.88 0.73 0.53 0.74 0.63 0.8f 0.17 0.95 0.10 1.00
1.5 0.90 0.68 1.i1 0.81 0.72 0.82 0.85 0.90 0.26 0.97 0.30 1.00
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TABLE 6

x, |
P l Pa P1

0.0 0.063 0.109 0.099 0.142 0.138 0.161
1.0 0.059 0.093 0.086 0.118 0.130 0.155
1.5 0.045 0.071 0.038 0.093 0.112 0.140

TABLE 7
. 0.43 p 1‘ 083 | o0se
Optlcal“_-““““;”*‘yv—_—‘—“——
Parameters| ; 2 j 1 } 9 1Y 9
Pu 0.065 0,120 0.120 0.175 0.230 0.278
Pr 0.010  0.002 0.084 0.115 0.128 0.152
. 0.053. 0.102 0.115 0.169 0.230 0.278
X, 1.3 1.1 1.1 1.1 1.1 1.1
» 0.65 0.76 0.76 (.85 0.96 1.00
T 0.76 1.05 0.55 0.68 0.19 0.21

2. Aside from rare exceptions, the Mars atmosphere has a
transmissivity factor which does not change in time over the entire
interval XX under investigation. Thus, for the overwhelming major-
ity of maria, we have ¢(A) = 1. 1In other words, the true highland-
mare contrast changes over the spectrum.

In this case, the observed oscillations of K/Krk indicate that
the energy distribution in the spectrum of each single mare is dif-
ferent. As in the first case, the mare with number 20 is charac-
terized by the smallest decrease in observed contrast near the
viclet end of the spectrum. We will attribute the small difference
between spectral values for the contrast of this mare to the blurr-
ing effect of the Mars atmosphere, and we will assume that c(A) = 1.
Then, in the case of pure scattering and a spherical index, for
values of the albedo of the highland as given in Table 4, we will
find the following wvalues according to the pyg and u found for this
mare (Table 4) for the Mars atmosphere:

Lo 0013 0.53 0.65
5, 0.035 0.022 0001

o, 0.072 0.033 0.013

T
2

Just as in the first case, we used the tables of [13,14] for these
calculations, and we made the computed values of p, agree with those
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observed.

The optical parameters found in this case for the Mars atmo-
sphere allow us to determine the average behavior of the real con-
trast over the spectrum over all the maria, within the framework
of the assumptions made. Omitting the simple calculations based
on (1) let us present the final result for the coefficient Ik

A, 0.43 0.53 0.65 0.75
L 0.64 0.75 0.96 1.004
c (W)

Analysis of the Results and Conclusions. We have examined two
possible causes for the observed oscillations in contrasts on Mars
in the visible spectral region. In the first variation, the data
of the observations correspond to substantial disordered oscilla-
tions in the transmissivity of the Mars atmosphere, and, in the
second case, they correspond to a certain difference in the energy
distribution in the spectrum of individual maria for constant trans-
missivity of the atmosphere. In the first case, the Mars atmosphere
should have an optical thickness close to unity in the violet lines,
as well as substantial true absorption. The scattering of light
occurs mainly in aerosols (x] =~ 1). In the second case, the Mars
atmosphere has an optical thickness which is one order less than in
the first case, for pure scattering and a spherical index.

Let us turn to Table 2, where the contrasts are given, as well
as their ratios, representing the average value for each complete
revolution of Mars. As can be seen from the table, the ratios K/K
remained practically unchanged for all the three observation periods,
which can be considered as an indication that the transmissivity of
the Mars atmosphere was constant during the entire period of observa-
tions in 1956. We should mention, however, that the data of the
last row in Table 2 refer to the period of a dust storm on Mars,
which caused a decrease in contrast in all the spectral regions
under investigation, except for the violet (0.43u), where this
change could remain unnoticeable, since the measurement accuracy
was not great in small contrast measurements in these lines.

Thus, this fact, that the ratio X/K,x kept its value during
the period of the dust storm, corroborates that variation according
to which the Mars atmosphere in its ordinary state (in the absence
of abrupt anomalous phenomena) has a low optical thickness which
is constant in time. Finally, having revised the data of Table 3
(last column), we can see that, except for rare cases, all the
Mars maria observed in 1954 with double superposition of longitudes
show constancy (within the limits of the errors) in the ratio Ko/K%
for the entire period of observations. The monotonous decrease
observed in the contrast at the end of the period of observations
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(near the beginning of summer in the southern hemisphere of Mars)
was apparently due to a true decrease in surface contrasts.

The above shows, in our opinion, that the observed oscillations
in the ratio examined for the highland-mare contrasts were due main-
ly to some difference in the change of albedo over the spectrum for
individual maria of Mars, as well as to the substantial effect of
the measurement errors. Some of the observed changes in the con-
trasts themselves should not be considered, since they may be found
to be deceptive when there 1s no strict control over the turbulent
state of the Earth's atmosphere and there are substantial measure-

ment errors.

TABLE 8
] 043 & l{ 0.53 g I T
_— | I
¢ T ! » P T LA [ < o e
| I B! N T T N
0.0 0.17 0.77 0.08 .14 0.8 010 0,01 F.00 o
1.0 0.27 .83 0.07 0.23 0.8 0.09 0.07 1.00-—-0.3%
1.5 0.15 0.90 0.06 0.33 0.95 0.08 0.12 0.98 0.12
TABLE 9
Opticall s _

Parameters| !

i
10,43 p. loss ul 0.65 p | 0.75 p

Kapp 0.i2 0.17 0.26 0.28
K 0.18 0.21 0.27 0.28
AP®30%0s 011 025 0.30
c 0.09 0.15 0.25 0.30
or 0.07 0.10 0.14 0.16
. 0.032 0.028 0.010 ©
T 0.25 0.17 0.05 ©
® 0.80 0.85 1 —
; ]
Ko I We will definitely assume
o3t 6 % 4 that the change in true con-
06k g\\F\ i trast over the spectrum 1is
j characterized by the average
04l , 4 { values of the parameter 1/c(})
ool % i discussed in Section 2 of the
; j preceding division. Then,
: ' et taking the average values of
05 04 05 06 07 08 09 L0 the ratio XK/K.x (Table 2)
Fig. 5. Change in Highland-Mare without a consideration of
Contrast at the Limb of the Mars the values of X < 0.05 for

Disk (1954,1956).

72



0.43 y and using the formulas in (1) and (2) and the tables of [13,
14], we will obtain the data presented in Table 8. This table also
contains values of py calculated according to those found for T and
w, which were compared to those observed. In these calculations,
we used the average values of p; and p, given in Table 4 for the
brightness coefficient of the highlands at the center of the disk,
since it is still difficult to give preference to any single result
included in Figure &.

The final vresults for 1t and w at 0 <x; <1 are given in Table
9, together with other optical characteristics of Mars.

Finally, let us formulate the conclusions which can be drawn
from an analysis of the observed contrasts between the highlands
and maria of Mars and the calculations presented above.
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H f\/ A, !
,' ’ :
t ! :
i ! 2 }5’%\7 |
! o9 I" !
L.,Lﬁ L 11 4 - 1 GRS U | h__.-,) | — J
A Ty T [ L
; 0.53 :

Y IR [ [oapa.

} | SRR U SR B | [ PO U PSR |

360200 " raa 180 120 60 0 360 350 240 160 120 SU .

Fig. 6. Decrease in Highland-Mare Contrast on Mars Due to the Dust
Storm in 1956 (1 - July, 2 - August-September).

(1) The photometric data on the highland-mare contrasts ob-
tained in different spectral regions can serve as the basis for
determining the optical parameters of the Mars atmosphere. The
oscillations in the transmissivity of the Mars atmosphere can be
detected only when there are contrasts measured Ffor the same maria.

(2) A study of the measured variations in the contrast ratio
K/Krk shows that this phenomenon can be explained mainly by the
differences in the behavior of the albedo over the spectrum for
individual maria, as well as the measurement errors.

(3) The Mars atmosphere has invariable transmissivity, except
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for rare cases. The observations which we carried out in 1954,
1956 and 1958 according to the method of photographic photometry
did not show any so-called violet transilluminations. At the
same time, these illuminations were sometimes observed in visual
observations. 1In order to obtain quantitative data on the trans-
iliuminations, there must be photographic observations with ex-
posures of hundredths of a second, which partially eliminate the
distorting effect of the Earth's atmosphere, bringing about sub-
stantial blurring of the true contrasts. In photometric observa-
tions requiring several seconds of recording time, there must be
strict control over the state of the Earth's atmosphere. The
decrease we obtained earlier [12] in the red lines of the highland-
mare contrast at the edge of the Mars disk (Fig. 5) also may be
deceptive, since the distorting effect of the Earth's atmosphere
increases in the same direction;

(4) The Mars atmosphere has an optical thickness which is
one order greater than follows from spectral data according to
measurements of the CO, bands, and is characterized by a certain
true absorption in the violet spectral region. If we assume that
the values of the parameter T given in Table 9 are due completely
to aerosols, and if we divide the scattering component according
to the values obtained for w, then we will find a radius of aero-
sol particles on the order of 107° cm and a quantity of particles
of 100 c¢m~2, The contrasts found according to the 1956 observa-
tions for the same maria before and after the dust storm (Fig. 6)
gave dimensions of the dust particles of » =~ 1.5 u [6]. Approxi-
mating calculations show that the quantity of these particles is
equal to 106-107 cm™ 2.
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THE NATURE OF THE POLAR CAPS OF MARS

I.K. Koval' and A.V. Morozhenko

ABSTRACT: Data are given on the change in size
of the polar caps of Mars with the heliocentric
longitude, according to photographic and visual

observations (Fig. 2). The structure and nature
of the polar caps are discussed on the basis of
long-term photometric investigations. The amount

of water on Mars i1s estimated. The substance
forming the polar caps is assumed to be concen-
trated on the Mars surface, and seems to be a
discontinuous layer of snow with neutral albedo
equal to 0.8. This assumes that the layer of
snow occupies approximately 25% of the area of
the cap. Using a value of 2 em for the thick-
ness of the snow layer, the amount of precipit-
able water is found to be equal to 0.005-0.065

g/em?,

The monochromatic albedo of the polar regions of Mars has been
determined repeatedly, and it can presently be held that the con-
trast produced by the polar caps with the neighboring Mars surface
increases rapidly around the violet end of the spectrum and averages
40-50% around O.4u, against the 20% around 0.65u. At the same time,
the brightness factor of the caps, which is obtained directly from
observations, has the reverse behavior over the spectrum and aver-
ages 0.25 and 0.45 u for the same wavelengths.

The spectral values for the albedoces of the caps change sub-
stantially in dependence on the season 1n the given hemisphere of
the planet; however, the path of the albedo over the spectrum re-
mains practically unchanged.

We could mention a number of periods when the polar cap was
at the limit of detection (contrast of about 0.05) in the long-
wave spectral region, while 1t was rather bright in the blue lines.
For example, we could mention the opposition of 1961, as well as
1965 (after the middle of September).

During other periods, for example is June-August of 1956, the
polar cap was clearly distinguishable against the planetary disk
over all the spectral regions of the interval 0.36-0.84 u.

These observational facts should underlie any hypothesis con-
cerning the nature of the polar caps of Mars.
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Information on the change in size of the polar caps of Mars
in dependence on the heliocentric longitude of the planet is given
in this study. The data were based mainly on years of photographic
observations. Our work also discusses the photometric character-
istics of the caps obtained for a number of oppositions. The pro-
blem of the possible nature of the caps of Mars is examined on the
basis of the latter, with some assumptions relative to their struc-
ture.

Change in Size of the Polar Caps. The polar caps of Mars are
the most accessible for observations of details of the planetary
disk because of their relatively large size. For many years, ob-
servers using micrometric measurements directly with a telescope
or photographic images have accumulated a vast amount of data which
indicate the change in size of the polar caps of Mars during the
course of a practically complete cycle of seasons for all the helio-
centric longitudes of the planet.

Since the observational period is limited to a few months dur-
ing one opposition of the planet, and it allows for measurements
only in a small range of heliocentric longitudes, the complete
cycle of changes in size of the caps of Mars can be traced only
according to many years of observations carried out by various
observers with different observational instruments for different
states of the Earth's atmosphere. This leads to a substantial dis-
crepancy in the points on summary tables of the change in size of
the polar caps.

As a rule, the change in size of the Martian caps is given
in the form of a graph of the change in latitude of the average
boundary of the cap in dependence on the heliocentric longitude
of Mars.

The contrast between the polar cap and the neighboring highland
regions of the planet in the visible spectral region is usually
30-40%, and visual measurements of the apparent height of the cap
can be carried out with error of about 1", which is equivalent to
an error in the latitude of the cap boundary of about 4° for a
latitude of 60° in zero areocentric inclination of 'the Earth at
the moment of a great opposition (d & = 25"), and about 6° for a
latitude of 70°. It is obvious that these errors increase in
correspondence with an increase of the Earth-to-Mars distance and,
for example, are equal to 5 and 8° for d G = 15" for the same values
of the aerographic latitude.

However, the size of a polar cap 1s usually determined during
periods when the corresponding pole is inclined toward the Earth
at several degrees; therefore, the error in measurements is actually
less than the cited values.

In measuring the dimensions of the polar caps according to
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photographic images, the error in the value of the latitude deter-
mined is made by photographic irradiation arising as a result of

a substantial cap-highland contrast, as well as the shaking of the
image due to the instability of the Earth's atmosphere.

In order to evaluate the error contributed by the photographic
irradiation, we carried out the following experiment., Two adjacent
bands coated with substances with different degrees of selected
reflectivity were photographed so that their total image did not
exceed 2 mm in width (which is close to the diameter of the image
of Mars), while the photographic-density differential was close to
the differential between the cap
and the highlands surrounding it.

It was found that the increase in
width of the lighter band imitating
the polar cap of Mars was about 5%
of the scaled width of the model
for normal photographic density
(1.2), for the emulsion Agfa ISS.
For a diameter of the image of Mars
equal to 2 mm obtained at the moment
of the great opposition, this in-
40 50 60 70 % crease is by 1.2" and is comparable
to the error introduced by the shak-
ing of the image for a satisfactory

4y

o

Fig. 1. Errors in Deter-
mining the Apparent Lati-
tude ¢ of a Polar Cap for
Linear Diffusion of the
Real Boundary Ay Due to
Photographic Irradiation
and Shaking of the Image
[(Ay = 0.01 (1); 0.03 (2)
0.05 (3); 0.07 (4); 0.10
R 3 (5)].

turbulent state of the atmosphere
of the Earth.

Thus, the photographic irradia-
tion, just as the image shaking,
brings about a systematic decrease
in the latitude of the boundary of
the polar caps of Mars determined
according to photographic images.
This decrease progresses with an
increase in the distance of the

planet from the Earth and, with the scale of the image ordinarily
unchanged during the course of the entire observational period
during an opposition, together with the shaking of the image, it
can bring about substantial errors in determining the boundary

of a Mars cap.

Figure 1 contains graphs which illustrate the values of the
error in determining the position of the boundary of a polar cap
with apparent latitude of ¥, for different linear values of the
spread Ay of the true boundary ¢,, expressed in percentages of

the radius of the planet.

The calculations were carried out ac-

cording to the following formula:
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To determine ¢, of the polar caps of Mars during the oppositions
of 1950, 1952, 1954, 1956, 1958 and 1960-1961, we used the photo-
graphic data obtained by N.P. Barabashov and others on the 20-
centimeter refractor and the 27-centimeter reflector of the Astro-
nomical Observatory of Khar'kov State University. The exception was
the period of 1960-1961, when the measurements were carried out
according to data obtained at the Main Astronomical Observatory
of the Academy of Sciences of the Ukrainian S.S8.R. with the aid
of a 70-centimeter reflector. All the micrometric measurements
were carried out for the blue and green spectral regions. The

data of the Astronomical Observatory of Khar'kov State University
were used by us in 1965. The "heights'" of the polar caps measured
were roughly corrected for the cited effects with values of Ay =
0.05-0.08 RJ , in dependence on the Earth-Mars distance and for
Ay = 0.05 R for the moment of a great opposition. This value
corresponds to the spread of the boundary of the cap by 1.2" and,
in our opinion, is close to the true value. The measurement re-
sults obtained are given in Table 1 and they agree well with the
observations of other authors.

TABLE 1
1130 | 1954 I 196 1958 ! 1958
—_— e . - [,
k3 N ‘ T N N ’ i 5 N % N % N n N ! N

200 &2 201 66 69 a5 57 16 69 69 28 68
i &3 285 69 67 290 58 17 08 30 78 68
216 #2 305 72 61 300 59 10 G0 10 71
22 &1 321 76 Gt 310 062 21 70 41 70
227 81 1960 --1961 320 70 25 68 44 &0 71
00 82 85 6D 67 330 77 26 69 45 77 069
2% 84 108 68 70 310 83 23 74 71 19 76 61
238 78 135 62 76 350 29 74 71 53 77 70

1952 0 75 32 76 67
28 R0 10 71 35 73 73
216 &0 20 8l 36 79 73
221 78 30 78 37 70

Figure 2 shows a complete cycle of the change in dimensions
of both polar caps of Mars, which was obtained both according to
our measurements and according to the data published by other
observers [1,2,3, etc.]. We should mention that the data concern-
ing a determination of the dimensions of polar caps which are based
on visual observations and published in the literature are not very
great, and it 1s impossible to plot all the measurements on the
summary graphs; therefore, Figure 2 gives only those points which
characterize the average change in ¢, over the entire range of
heliocentric longitudes.

It follows from Figure 2 that the southern cap of Mars occupies

an area at the maximum which is 1.5 times larger than that of the
northern cap. The maximum rate of melting (increase) of the south-
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ern cap —— corresponds to 0.35, while it is equal to 0.25 for the
northern cap.

Fig. 2. Change in Dimensions of the Polar Caps of Mars in Depend-
ence on the Heliocentric Longitude n (Summary Graphs) (¢ is the
Aerographic Latitude of the Cap Boundary, @ - S, O - N).

The summary graphs of the change in dimensions of the polar
caps of Mars with the heliocentric longitude given in Figure 2,
together with the data on the temperature phase on the planet,
can be used for different types of calculations of the amount of
the yearly water cycle on Mars. Some calculations on this then
are found in [4,51].

Structure and Possible Nature of the Polar Caps. Photometric
data show that the cap-highland contrast increases monotonously
around the violet end of the spectrum. Absolute measurements
leave no doubt that the brightness coefficients of the caps de-
crease 1in the same direction. Only in isolated cases does the
spectral course of the brightness factor for the polar caps in
the range of 0.4-0.65 u come close to the neutral one. It is
possible that the polar caps consist of only one atmospheric com-
ponent during these periods, and the brightness coefficient in the
red part of the measurement spectrum relates to the surface of
Mars.

The question of the structure of polar caps during different
seasons has long been discussed in the literature. The infrared
spectra of the caps [6,7], as well as polarization observations
[8], indicate that the polar regjon has the nature of water (hoar-
frost or a thin layer of snow). This is also indicated in the
photographic observations which show the reality of a shaded mar-
gin around the cap boundary which is clearly visible in the green
and red lines during the period of the maximum rate of melting.
The observations which were carried out for four months in 1956
[9] showed the existence of a shaded ridge around the boundary of
the southern polar cap only during the period from July 30 to
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August 20, which corresponds to a helicentric longitude of Mars of
about 330° and maximum rate of melting of the southern polar cap.

The extensive visual observations of the polar caps indicate
that not only their dimensions change, but also their color and
brightness. Previous photographic observations with light filters
[10] showed that the polar caps have greater dimensions during cer-
tain periods in the violet lines than in the red. Wright states
justifiably that this effect may be due to the existence of an
atmospheric component around the polar cap, although the photo-
graphic irradiation and shaking of the image could play a substan-
tial role here, and their effect could bring about a false increase
in the photographic size of the cap in the violet lines, in which
the contrast between the cap and the surrounding highlands is
close to 0.5, against the 0.2 in the red lines. A stronger argu-
ment in favor of the existence of atmospheric haze over the polar
regions of Mars, scattering the violet rays, is the wvarying bright-
ness of the polar cap noticed by several observers during visual
observations in the period preceding its melting, and during the
melting period. For example, in 1956, the brightness of the south-
ern polar cap of Mars during the melting period (July, August in-
creased substantially in comparison with the other seasons and was
clearly seen 1iIn the blue and infrared lines (0.43) and 0.84 [117).
The photometric analyses of the photographs obtained showed that
all the observational data relating to the polar cap during this
period could be explained completely if we assumed that the polar
substance was propagated completely over the surface of the planet
and was observed through a Mars atmosphere which was uniform for
the entire visible hemisphere. During the second half of September
of 1956, and later, after an almost total disappearance of the south-
ern polar cap over the entire spectral range of 0.36 - 0.84 u, a
bright spot again arose over the polar region, but this time with
other spectral values of the albedo.

The brightness factors of the southern polar cap of Mars which
were obtained in June-October of 1956 with light filters of 0.36,
0.43, 0.53, 0.65 and 0.75 u transmission maxima are given in Figure
3.

Figure 4 shows the dependence of the brightness coefficient of
the southern polar cap of Mars on the heliocentric longitude accord-
ing to observations in 1954 [12] and 1956 [9]. During these two
oppositions, there were absolute photometric observations which
were most suitable for comparing the brightness of the cap in the
red and blue lines. The observations were carried out with broad-
band filters with several transmission maxima; therefore, the bright-
ness coefficients obtained in 1956 were reduced preliminarily to
the wavelengths for 1954 according to the average course of the
brightness of the cap depicted in Table 2 in relation to the wave-
length. The data given in Figure U4 relate to wavelengths of 0.U6
and 0.65 wu. The horizontal lines show the wvalues of the brightness
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coeff1c1ents for the red and blue lines, referring to regions of
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p for the Southern Polar
Cap of Mars According to

the Observations of 1956.

the planet at a distance of 0.8

R Jd from the center (the measure-
ments were carried out during the
period of the opposition).

As can be seen from the figure,
for a value of n = 330° for a gen-
eral substantial deviation in the
measured points, which can be ex-
plained mainly by the measurement
errors and the nonuniform bright-
ness of the cap at different aero-
graphic longitudes, the brightness
of the cap remained constant in
both spectral regions.

This result can be explained
by the fact that, during the Mar-
tian autumn and the beginning of
the summer in the southern hemi-
sphere of Mars, up to the period
of the abrupt decrease in dimen-
sions of the cap in the blue and
red lines, there was only one for-
mation observed, and that was lo-
cated most probably over the sur-
face of the planet. The more or
less smooth decrease in brightness
of the cap in the range of the
maximum rate of its melting (n =
340°) hardly corresponds to reality.
Most probably, the effect of the
atmospheric vibration of the image,
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Fig. 4. Change in Brightness Coefficient for the Southern Polar Cap
of Mars According to Observations in 1954 [12] and 1956 [9] ( @ -
0.65 pu; O = 0.46 u).
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blurring a small polar spot during this period and decreasing its

surface brightness,

Starting in the middle of September in 1965 (n

appears here to a significant extent.

15°), the

polar cap which again appeared in the blue lines almost reached

the previous brightness (brightness factor averaging 0.2,

instead

of 0.28 before the disappearance of the cap) and made a contrast

of 0.2 with the brightness of the surrounding surface.

The bright-

ness coefficient of the cap in the red lines decreases from 0.42

to 0.31,
limit of 0.05.

while the contrast decreases to 0.08 around the detection

TABLE 2

iSpectra@ \Eiﬁeé—éf the .
: Cap—~ Highland Contrast

. 1950—1963 1956, 1960 - 1961
average) [June ~
v, i(av‘erage)
AN
N r s lSandIQ

0.36  0.41 0.42  0.852

040 0.4l 0.40 0.43 0.45

0.3 0.37 0.35 0,39 0.35

0,50 0.32, 0.20  0.36 0.27

0.55 0.8 0.24  0.33 0.20

060 022 019 .31 0.07

0.65  0.18 0.15  0.08 0.07

0.70 Q.15 0.i2 .95 '

0.75 0.1l 0.09 0.25

0.80  0.10 0.19

0.8f .09 0.17

Fig. 5. Brightness Distribution along
the Central Meridian of Mars According
to Observations on January 6-7, 1961
(Ap = 0.02; e is the Angle of Reflec-
tion: 1 - 0.65; 2 - 0.603 3 - 0.57;

L - 0.553 5 - 0.543 6 - 0.493 7 -
0.453 8 - 0.42 p). The Brightness
Distribution Along the Intensity
Equator on the Highlands is Repre-
sented by the Dashed Line.

During the opposition of 1961,
the spectrophotometric observations
of Mars carried out at the Main Astro-
nomical Observatory of the Academy of
Sciences of the Ukrainian S.S.S. [13]

83



for orientation of the slit of -the spectrograph along the central
meridian of the planet, led to the same result. The photometric
sections of the spectrum (Fig. 5) show that the cap-highland con-
trast for both polar caps decreases smoothly from 0.45 (0.4 u) to
0.07 (0.65 u). The photographs of Mars obtained with light filters
during this period also do not show the polar caps in the red lines,
while they are clearly visible in the blue.

This period of observations corresponds to equinox on Mars.
The polar regions were in symmetrical seasonal stages:; the southern
cap underwent the process of formation, while the northern cap was
on the eve of the melting process. The photometric characteristic
of the polar caps of Mars mentioned above refers to definite periods
of theilr evolution; during these periods, the polar caps are mainly
atmospheric formations similar in terms of optical properties to
the Wright clouds sometimes observed on the morning and evening
limbs.

Let us examine the problem of the structure and nature of the
polar caps when they are located on the surface of the planet.
Several hypotheses relative to the substance forming the polar cap
have been proposed. One of them, the ice hypothesis, won popular-
ity in its time because of the specific reflectivities of ice. Ice
is transparent in the long-wave spectral range; therefore, the
brightness of the polar regions in these lines is determined mainly
by the reflectivity of the true Mars surface. When the wavelength
decreases, the reflectivity of ice increases and reaches 53% near
0.483 [14]. However, this hypothesis does not agree with the fact
that the polar caps during single periods are seen very clearly over
the entire spectral range under investigation. In this case, to
explain the nature of the caps, we must have a substance with a
more neutral reflection coefficient. This substance 1is snow or
hoarfrost. The hypothesis that there is a continuous snow cover
is confronted with the problem that the reflection coefficient of
snow is almost wavelength-independent and is close to 80%. The
fact that the observed brightness coefficient of the polar cap is
always much less than 0.8 1s explained by some authors either in
terms of a diminishing of the brightness of the polar cap by the
Mars atmosphere, or with the concept that the snow layer is not
continuous.

The polarization observations of the polar cap and the labora-
tory measurements of the polarization properties of hoarfrost car-
ried out by Dollfus [8], as well as the calculations carried out
by Lebedenskiy and Salova [5], show that the substance covering
the polar regions of Mars is hoarfrost or a discontinuous layer of
SNOowW.

In our opinion, the hypothesis of the discontinuous snow layer

or hoar frost is likely and can explain the spectral properties of
the polar cap. The presence or absence of a cap in the long-wave
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spectral region can be determined compeltely by the ratio between
the areas of the regions covered with snow and those without snow.

Let us attempt to confirm this by calculations.

We will assume in a rough approximation that there is no atmo-
sphere on Mars. We will call the area of the polar region which
is covered with snow B. The brightness coefficient of the cap Pe
can then be expressed in terms of the brightness coefficients of
the highland pj and snow pg in the following way:

po=(1—F)p o, (1)
For the contrast highland-cap,
b (2)

For the sake of convenience, we will use the highland-cap contrast
in the following way, as opposed to the ratio usually used:

B 0 - /
K, -=-1€"h . {'z('s [ (3)
P

Since pg 1s close to 0.8 in the range of 0.36-0.84 u, while
B8 is also wavelength-independent, the change in contrast with the
wavelength will be wholly determined by the spectral path of the
brightness coefficient of the highland. Table 3 gives the computed
values for the contrast, for several values of B, in dependence on
the wavelength. The brightness coefficients of the highland were
taken from the catalogue in [9].

TABLE 3
. —- C—
o R . __~___7I"|J . e
B | i ]

i 849 | 750 | 647 530 I 429 i 360
S S B | N
0.03 0.028 0.013 0.0065 0.107 0.148 0.358
0.10 0.005 0.142 0.218 0.357 0.627 1.190
0.30 0.250 0.430 0.650 1.070 1.880 3.580

As can be seen from this table, the contrast in the long-wave
spectral region for low B is very low, and can be imperceptible,
a circumstance attributable to measurement errors for the existing
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accuracy of photographic photometry. For example, this is affirmed
in [13], where it is shown that the curves for the brightness dis-
tribution along the intensity equator and the central meridian coin-
cide, although, as we will see later, the contrast reached 7% around
0.64 u on January 6-7, 1961,

These caleculations can explain the spectral properties of the
polar caps qualitatively; therefore, we will attempt to determine
the values of B in the example of the Mars observations in 1956
and 1960-61.

For the planets enveloped by an atmosphere, the measured con-
trast Kp is connected with the real contrast Ky by the following
expression:

1<m_1<0(1—— B (1)

where p is the brightness coefficient of the atmospheric column over
the polar cap. For approximative calculations, we will not consider
the effect of the Mars atmosphere. This approximation is not too
rough i1f it is true that the Mars atmosphere in the spectral regions
usually observed is optically thin (1 =< 0.1). In this case, (4)

is converted into (3).

Fig. 6. Dependence of the Contrast of the Polar Caps of Mars on
the Wavelength ( @ - December 5-6, 1960 O - January 6-7, 1961).

The Solid Curves Designate the Contrast Calculated for B = 0.061
(upper) and 0.028 (lower).

Figure 6 shows the highland-cap contrast with the wavelengths
for the observations during the opposition of 1960-1961. The
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average values of the contrast obtained from observations of the
southern and northern polar caps are given for both dates. Average
values of B equal to 0.061 + 0.005 and 0.038 + 0.002, respectively,
were obtained for these two observation dates. The solid curves

on Figure 6 represent the contrast calculated according to the
values of B obtalned as a function of the wavelength. As can be
seen, the disagreement between the calculated and observed con-
trasts are insignificant and can be explained by the errors in ob-
servations and the fogging effect of the Mars atmosphere.

TABLE 4
A i s , AK | I " i«
wl e
750 0.29 0.03 0.24 0-30 (0.019) 0.29
647 0.41 0.01 0.25 0.41 0.026) 0.42
50 0.59 0.07 0.25 0.59 (0.040)  0.51
424 0.75 0.06 0.19 0.06 0.060 0.75
50 0.89 0.09 0.11 1.97 0.090 0.89

For 1956, we used the average values of the contrast for the
southern polar cap according to observations in June-August. The
value of the contrast Ky, the root-mean-square deviation in the
contrast AK and the values of B are given in Table U4, The data
of this table show that the value of B in the long-wave spectral
region (0.53 - 0.75 p) is almost wavelength-independent, while
it decreases around the ultraviolet end of the spectrum. This
decrease may be due to the fogging effect of the Mars atmosphere.
Therefore, the values of B were taken as equal to 0.25 for an
average, and the true highland-polar cap contrast Ky was calculated
with these values (see Table 4). Knowing Km and Ky, the optical
thickness t of the Mars atmosphere was evaluated according to (4)
as 0.36 and 0.43 u. We should mention that the wvalues found can
be considered as the lower limit, since we took values for the
observed brightness coefficients which may be much greater than
the reflection coefficient of the Mars surface in calculating Ky
for the reflection cocefficient of the highlands in the short-wave
spectral region. Assuming pure scattering and a spherical scatter-
ing index, the optical thickness was found to be equal to 0.08 and
0.06 for 0.36 and 0.43 p respectively. Assuming that the function
of the optical thickness with the wavelength obeys the same law
for the red spectral region as in the region of 0.36 - 0.43 u,
we found the values of 1 over all the spectral regions and roughly
estimated which one should be the measured contrast Ky if the true
one were the same as in the column Xy (the values of 1 and Ky are
given in Table 4). As can be seen, the fogging effect of the Mars
atmosphere in the long-wave spectral region is small and is with-
in the limits of the errors in determining the average value of
the contrast.
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Now let us attempt a rough estimation of that amount of water
M which is necessary for the formation of a polar cap. The value
we took for the reflection coefficient of snow, equal to 0.8, can
be a layer of any thickness but, obviously, no less than several
centimeters. To evaluate the lower limit to the amount of water
forming the polar cap, we took the thickness of the snow layer as
equal to 2 cm, while the density of the snow was d = 0.1 - 0.001
g/ecm3. The data obtained for the two values of B are given in
Table 5. Data on the amount of water on Mars found according to
the rate of melting of the polar cap [5] and according to observa-
tions [15] are given in the last two rows for the sake of a compar-
ison. As can be seen, the model we have investigated for the polar
caps does not contradict the spectroscopic determinations of the
amount of water in the Mars atmosphere.

TABLE 5
] [T 2
p i « lm,g/km
0.01 101 0.008
it 0.0008
0.25 1071 0.050

10-2 0.003

0 nin
0.0GH]

Thus, the calculations above show that the polar cap of Mars
is a discontinuous layer of snow occupy-
ing up to 25% of the total area in the
K ' R ' . model we have assumed.

Lo sh
r*‘\\\\\\\/éﬂ:. ‘ As was shown in [16,17], the tur-
af ,
o

bulent vibration of the image distorts

1

!

T E the real brightness distribution over

! @ the disk of the planet. It is obvious

i V. ] that the highland-cap contrast will

l/J“ ‘ }m also undergo distortions of this type.
QZb zﬁs dm 015 8 Since we used the observed (distorted)

values of the contrast in the calcula-
tions, we considered the effect of the
image shaking in order to determine the
possible error in B for blurring of the
highland-cap contrast. The calculations
were carried out for values of the con-
trast of 0.5, 1.0, 1.5, 2.0, for dimen-
sions of the polar cap of Ary = 0.3R3
and for values of the parameter o,
characterizing the turbulent state of the Earth's atmosphere, of
0.05, 0.075, 0.10 and 0.15. Since these calculations are of an
especially evaluative nature, we assumed that there was no limb
darkening along the central meridian, while the polar cap was

Fig. 7. Dependence of
the Values Ar/A ry on

o and on Ky (1 - Ko =
0.5; 2 - K = 1.035 3 -
Ky = 1.53 4 - Ko = 2.0).
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represented by a rectangle.

The calculations showed the following: (1) for the same values
of ¢, the ratio between the distorted contrast and the true one
Kn/Ky does not depend on Kp; (2) the turbulent vibration of the
image, in addition to the blurring of the contrast, increases the
dimensions of the cap, while the value of Ar/Ar; depends both on
o and on Ko (Fig. 7). TFor the boundary of the polar cap, we took
a point at which the measured contrast was equal to 5% in deter-
mining its distorted dimensions.

Since the value of B is proportional to K, the values of B
given in Table 4 should be considered as the lower limit. As can
be seen from Figure 7, the measured contrast and, consequently B,
is 0.67 of the actual values even at ¢ = 0.15R 3 .
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THE EFFECT OF ATMOSPHERIC VIBRATION ON THE BRIGHTNESS
DISTRIBUTION OVER THE DISK OF A PLANET

I.K. Koval', A.A. Rubashevskiy and E.G. Yanovitskiy

ABSTRACT: The problem of making corrections for
the distortions in the brightness distribution
observed along the disk of the planet because of
atmospheric vibration is discussed. The effect
of the width of the slit used in determining

the vibrational disk on the atmospheric vibra-
tion (instrumental function) 1s estimated for
the case when the latter is a Gaussian function.
It is shown that a rather narrow slit does not
effect the instrumental function. It Zs dis-
cussed whether or not the distortions involved
are stationary. Detailed tables are given for
the brightness distribution observed when the
true distribution i1s known.

In order to obtain reliable values for the physical parameters
of the atmosphere and the surface of a planet from the observed
brightness distribution over its disk, it is necessary, first of
all, to eliminate the effect of the Earth's atmosphere.

The principal factor causing a distortion of the true bright-
ness distribution over the disk of the planet is the atmospheric
vibration, which brings about a situation where (1) the observed
brightness distribution seems to be "smeared" compared to the real
one because of the energy "transfer" beyond the limits of the disk
of the planet, so that the brightness of the planet directly behind
the 1limb of the ephemeris disk is not equal to zero, or (2) if the
intensity of the light reflected by the planet decreases from the
center to the limb, then the atmospheric vibration leads to a de-
crease in the observed intensity in the central part of the disk.
If there is an increase In brightness around the limb, then an
increase in brightness will be observed in the central regions
of the disk. Generally speaking, this distortion should be con-
sidered in carrying out observations by the methods of absolute
photometry.

Until very recently, parallel investigations which might correct

the observed brightness distribution for atmospheric vibration to
some extent had not been carried out for observations of planets.
The first such study was carried out at the Main Astronomical Ob-
servatory of the Academy of Sciences of the Ukrainian S.S.R. dur-
ing the Mars observations in 19865 [1]. Using these observations,
I.K. Koval' [2] attempted to make a rough correction of the bright-
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ness distribution observed over the disk of Mars.

The principal equations used to determine the true brightness
distribution over the disk of a planet according to the observed
distribution are presented in this study. The effect of the width
of the slit used, in obtaining a photometric section of the tur-
bulent disk of a star, on the function of the atmospheric distor-
tion (instrumental function), if the latter represents a Gaussian
curve, is evaluated; a review is given of the methods used for an
accurate solution to the principal equation, and detailed tables
are given for the brightness distribution observed when the real
distribution is given

PRINCIPAL EQUATIONS

Let the true brightness distribution over the disk of a planet
be determined by the function F(y), where r is the radius vector
of the point on the disk of the planet which has coordinates of
x£,y. The apparent brightness distribution f(1) is then determined
by the following relationship [1]:

+o0 4w
lal

[ (r) = j‘ | P (e dxay, (1)

0w oW

where

- 1752 - )’/é. (2)

Equation (1) is an integral Fredholm equation of the first
kind. The kernel of this equation X{(r) is the instrumental func-
tion. It includes both the atmospheric distortion and the dis-
tions introduced by the instrument.

In the one-dimensional case, we obviously have the following,
instead of (1):
ER

19 = [ FOIK (=) dy. (3)

This equation is usually used in this form in correcting the
observed spectral line of the Sun for the instrumental contour [3].
In such a case, the contour of an infinitely narrow spectral line,
i.e., the instrumental contour, should be taken as K(x). However,
in observations of planets, the appearance of the function K(r) is
determined primarily by the atmospheric vibration [1]. Therefore,
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we must establish the form of the function K(V) for a further in-
vestigation of (1).

INSTRUMENTAL FUNCTION AND ACCURACY IN FINDING
IT FROM THE EXPERIMENT

The distorting effect of the atmosphere is due primarily to
deflections of the beam of light, which are of a random nature.
Therefore, it is natural to assume that the instrumental function
has (in the one-dimensional case) the following form:

K(x)=e =, (4)

Actually, as Meinel noted [4], the profile of the disk for the
oscillation of a star when the transmissivity of the Earth's atmo-
sphere is good is approximated rather well by a Gaussian curve.

At the Main Astronomical Observatory of the Academy of Sciences

of the Ukrainian S.S.R., I.G. Kolchinskiy [5] found from many

years of investigations that the distribution of the vibration
amplitudes of a star is Gaussian, while it was shown in [6] that,
if the turbulence in the atmosphere is considered to be uniform,
the amplitudes of vibration of a point source beyond the boundaries
of the atmosphere are distributed according to (4).

Let us now turn to the method which was used at the Main Astro-
nomical Observatory of the Academy of Sciences of the Ukrainian
S.S5.R. [1] to find the instrumental function. Photoelectric scann-
ing of the star image with a slit whose height greatly exceeded the
effective diameter of the turbulent disk of the star was carried
out to determine this function. Let us assume that the true bright-
ness distribution over the turbulent disk obeys the Gauss law. We
mean the following. Let the image of the star by scanned by a round
diaphragml of radius d (so small that d << Y 20). Let is be found
as a result that the energy measured changes according to the follow-
ing law along the radius » of the imageQ:

E(r) = l,e=", (s)

1 The specific shape of the diaphragm is not of significance in this
case. It is important only that the diaphragm be so small that the

brightness of the turbulent disk within its limits can be considered
as constant in any of its parts.

2 It is assumed that the energy distribution over the disk does not
depend on the azimuth.
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where Iy is the amount of energy over the area nd? when the center
of the diaphragm coincides with the center of the image;

1
22

a? =

(6)

The question arises: will the brightness distribution over the
turbulent disk of the image of the same star change according to
the law in (5) with the same parameter a, if the brightness distri-
bution is measured by means of a slit of infinite length, i.e.,
to what degree does the brightness distribution depend on the shape
of the diaphragm? We will not consider the phenomenon of diffrac-
tion on the slit.

The amount of energy incident on a unit area at a point with
coordinates (z,y) (Fig. 1) is

d]_f (z' y) = :]_é)? e—a’r’ dx(ljl’ (7 )

The total amount of energy recorded from the entire slit of width
2d is then written thus:

z-+d z4d

E(2) = 20 \de S e~ Y dy = L e~ dy =
wd” | . Vmad?
0 z- d —d
, ., z (8)
21, N A
= TP e =@ oy (Qa2x2) d x,
i ad? j ( )

0

Thus, we ultimately find that

of "d
of pmar -
T (> 0

(z) = ]/ﬁ;’a’ 5 e Vch(2axz)dx,

. (9)

v

We can select the halfwidth of the slit as so small that the
dimensionless value ad satisfies the following condition:

ad 1 (10)

Let us represent the integral in (9) in the following way:

ad
Se"”ch(&uz)dxzad[1+a(zﬂ. (11)

U
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However,
ad

ad

shh (2a%dz)
—x . <\ chQaxz)dx= "> ——,
Se ch (2axz) dx Sm( xz)dx Py
0 1}
from which we find that
a(2) < sh(2a%dz) (11a)
2a%dz

Consequently, we ultimately find from (9) and (11) that

2/ -
——L—/»T;rfi&—e—“[l-}—a(z)]_ (12)
Thus, if the brightness distribution over the turbulent disk
of the star is measured with the aid of a rather narrow slit [narrow
in the sense of fulfilling the condition in (10)], then, as follows
from (12), the distribution found is almost identical to the true
one. In other words, if we assume that the observed brightness
distribution is given by the formula

This representation does
culties in solving (3).

In all appearances,

o — 2/0 —arz?
£ (Z) - Tfﬂ n? 4

’

then, in this case, the relative error
determined by (lla) is allowed.

The profiles of the image of the
star which are given in [1], are approx-
imated well by a Gaussian curve. Some
discrepancy 1is sometimes observed in the
limbs. However, this can be eliminated
if the instrumental function is repre-
sented in the form of the sum of two
Gaussian curves, i.e.,

2 x
K(X)=/1L’ 20:_}_[’8_20;. (13)
not introduce any basic additional diffi-

the brightness distribution is not iso-
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tropic. It is natural to assume that the flickering disk has a
shape close to the form of an ellipse. Then, instead of (4), we
have the following:

2,
K(x’y)ze_(hf+2d). (14)

In this case, the solution to (1) is made more complex. Therefore,
it is important, generally speaking, to find out when we can dis-
regard the anisotropy in the brightness distribution over the
vibrational disk. This disregard is most probably possible for
rather short zenith distances. However, for a reliable answer to
the question raised, there must be special observations.

Finally, there is one more important question. Since there is
some time interval between the moments of observing the planet and
the contour of the star, can the cited time interval change the
brightness distribution over the wavering disk of the star sub-
stantially®?

Let us turn to the study of I.G. Kolchinskiy [5] on this topics
he carried out an investigation of the wavering of images of stars
at the Main Astronomical Observatory of the Academy of Sciences of
the Ukrainian S.S.R. The so-called trails of star images wWere ob-
tained for this purpose on photoplates, with fixed clockwise. The
average length of a trail was found to be equal to 14 cm, which
corresponds to a time interval of about 6 minutes for a star with
inclination of 8§ = 0°. The correlation analysis of the observation
results carried out by the author showed the approximate station-
arity of the random process of the vibration of the stellar images
in the cited time interval.

Since the program of Mars observations [1l] was structured so
that, immediately after Mars, the image of the star was followed
with the same filter, then the time interval between the scans
of Mars and the star did not exceed 10 minutes. Since this time
interval is comparable to the cited '"delay" time of the stars [5],
then we can apparently assume that, in the time interval between
the observations of Mars and the star, the brightness distribution
over the disk of the latter did not change substantially.

Let us mention one more circumstance. The star for which the
study of its vibration disk is carried out for the purpose of
determining the instrumental function should be selected at
azimuths and zenith distances close to the planet, as was done in
the Mars observations of [1], or, as was shown theoretically in
[8] and confirmed experimentally in [5], the root-mean-square
amplitudes of the wvibration of the star_images in the telescope
increase in proportion with the wvalue v M, where M is the air mass.
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PRECISE METHODS OF SOLVING THE PRINCIPAL EQUATION

If we assume that the instrumental function has the form of
(14), then the principal equation in (1) can be written in the
following way:

REPSY Py 2 —yryy
+ [U x)+u vy

F(\,y)e 23 233 deld)’,- (15)

— 0 —oo

The constant factor in front of the integral is found from the con-
dition that the total energy of emission going from the planet
through the Earth's atmosphere does not change, i.e., there is no
absorption in the Earth's atmosphere for the wavelengths of light
under investigation. Obviously, this condition has the following
form:

A e
-~ -I-o

j [{x, ) dydy = \
)

%
—

oo

+
e
j (v, N dvdy, (16)

— e — oo

In the general case described by (15), to determine F(x,y) we
must find values of the function f(x,y) at many points of the ob-
served image, which raises fundamental difficulties in practice.
Therefore, let us examine the following, simpler cases.

1. If we disregard the brightness gradient in the direction
Y, then, instead of (15), we find the following:

(x—v)?

() = »té‘j Fyye * dy. o

Obviously, this approximation is Jjustified for a rather low o and
near the zenith. We will give some estimates of the accuracy of
the approximation under examination below.

2. If oy - 0, then we find from (15) that
[ ) = jr(xf, e T dy, (18)

i.e., the dependence on the second coordinate y is purely parametric.
It is obvious that (17) is a particular case of (18).

3. Let the brightness distribution over the disk of the planet
have central symmetry and let 03 = 05 - o. Let us turn to the
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spherical system of coordinates », ¢. Then, if the coordinates of
the points M and M' are x,y and x',y' respectively (Fig. 2), where-
as the positions of these points are defined, in addition, by the
radius vectors r and r', respectively, the angle between which

is equal to ¢, then the projections of the segment MM' on the axes
x and y are 44’ = x'- x and BB’ = y - y'. Consequently,

Yy
(# =XVt (y =y )2 =rj-r"2—2rr" cos . (19)

In this case, instead of (15), we obtain
the following:

The Bessel function of the purely imaginary argument of zero
order is determined by the formula

n

Iy (x) = Yemwd(‘,_ (21)

s

.

0

Consequently, instead of (20), we ultimately find

\ x?

202 y1

4 d ~ g '
f("):TJ F(y)e 2”10(2%@, (22)
0

The principal equation (15) under investigation [as well as
its particular forms in-(17), (18) and (22)] is an integral Fred-
holm equation of the first kind. As is well known, the problems
described by an equation of this type belong to the class of so-
called incorrectly formulated problems. This means that an in-
direct solution to this equation, for example by the method of
numerical inversion of a Fourier transformation or by converting
to a system of linear algebraic equations, does not pass here;
small errors in the functions found from the experiment will yield
arbitrarily large errors in the result.

A general formulation of the problem of regularization of
incorrectly formulated problems, specific regularization methods,

and an investigation of the stability of the result of inversion
are given in the works of A.N. Tikhonov [9-12].

98



We will not discuss the application of Tikhonov's method to
a solution for the problem under investigation. We will be con-
cerned only with methods used for a precise solution to the
principal equations, i.e., solutions to the problem on the assump-
tion that the functions found from the experiment are known ab-
solutely precisely. As was already mentioned, these solutions
are not correct and, consequently, they cannot be used in practice.
However, an analysis of the solution written out in explicit form
can aid in a number of cases in finding the characteristics of
the behavior of the solution, which can then be considered in
regularization of the incorrect problem under examination.

It is obwvious that the solution to (17) can be obtained by
inversion of the Fourier transformation. The application of the
method of Fourier transformation to a solution Ffor (17) was dis-
cussed in [7]. We will therefore not discuss this method any
further.

Let us examine the method of orthogonal series for a solution
to (17). Since the kernel of this equation is Hermitian, it is
completely natural to look for the Ffunction F(zx) in the form of
a series by Hermite polynomials.

Let us assume that

o

F(y)=3 ., (y), (23)

=0

where Hy(y) is a Hermite polynomial of order n, while ¢, are co-
efficients to be determined. Then, substituting (23) into (17),
we find the following for 0 < o2 < 1/2 [13, p. 85217:

fx)= Z c,l(l-—-zaz)nizf{,,[—(l—_:%,—),—h-]. (2u)

n=0

Considering the property of orthogonality of the Hermite polynom-
ials, we find that

in

9} (1 —1a%)m2 ~ (25)
where
+f:" in ] r .
T f——[n,(l—fzs’)"""’j Fx)e " H—% |4 (26)
] n i [( ) HI' (I—-Qd")'h X

—oa
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If the function F(x) 1s of even parity, then

T?II%I: 0 (fZ;U, 1, 2,)

and HZn (X) == (*-—1)"2""11,1 [,;""’ (x‘:)’
-y

where L, * (x) is a Laguerre polynomial.

Substituting (27) into (23) and (26), we find the following
after conversions:

v

Py = N ala® (), (28)
n=0
where
c. = Yanl2%
DI (29)
while
Ta=2[r (1— 2%)}" ‘;f( )e_lft—;arlqﬁn,’/ A2 J
" R * n | 4
y k I —202 (30)
§

Using the formulas below

dff , (x)
— = 21l (x), (31)
Heus1 (x)=2xH , (x) —2nfp 1 (x) (32)

and expanding F(x) into a series by 62, we find

F=i (0 — S L1y o 1

dx? 22.2! dxt
b dof (x) N (33)
T a0

It can be seen from (17) and (33) that, if the function f(x) is
rather smooth, while o is rather low, then the solution to the
problem of reproduction does not present any particular diffi-
culty. However, in the case of a planet, the smoothness F(x) is
lost near its limb and, consequently, even for low ¢, a reproduc-
tion near the edge of the planet's disk presents fundamental diffi-
culties. It is appropriate to mention in this regard that the

100



correction of the spectral line observed for the instrumental con-
tour given in [3] did not present any fundamental difficulties

and was carried out by the method of successive approximations,
since the distorted contour does not represent a sufficiently
smooth function.

Using (23), which gives a precise solution to the idealized
problem, let us estimate the error A F(x) in solving (17), if the
function f(x) is given with a constant absolute error Af, while
the value of o is determined with absolute error of Ac. We find
from (23) and (25) that

AF (x) = EIA%/G(H: (3u)
n=0
At 2 (n11)ods

Ac, =

T (35)

2"[1‘,- 1 —92s™)12 £
( ) 27711 (1—20%) *

We find the following from (26), considering (31) and (32):

ATo=Af;
_ SAa
A= (1__i;§}i_[7n+24'2(”‘Fl)Tﬁ]

(n>1).

(36)

(37)

Substituting (36) and (37) into (35) and considering (23) and (24),
we ultimately find that

- _ d:r (
AF (X) = Af—oAc —hd EX)' . (38)

X

It can be clearly seen from this formula that, even for an arbit-
rarily small error in determining ¢, we can obtain an arbitrarily
large absolute error in determining the function F(x), if the
latter is not sufficiently smooth.

We can also find a precise $Solution to (22) in a similar way.
Let us assume that

F(y= 31 0L, (),

=g

(39)

where L,(x) is a Laguerre polynomial of order n; the l,, are co-
efficients to be determined.
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Substituting (39) into (22), we find that

e 0, -5 xy (40)
f(x)= - ;'__. i, S e 2 L,,(y’)[,,( ;)ydy,

o]

n=—9Q 0
but for 0 < o2 <1/2 [13, p. 8617,

~ ¥ 2

g : /x)! -5 xZ
L 7 - 1V =0a2 (1 — 952\ 2
e n(.v)okcz),uy o? (1— 2% ¢ L,,(l_zaz),
i.e.,
= \7 [ — 9580 x* \
[(x) n‘_’o A (1 2°)Ln<1 QGT) (41)

Considering the property of orthogonality of the Laguerre poly-
nomials, we find that

x?

_ Z r X2 \ By
1"_'(1T2a”_)mj‘f(x)[“”<~1:5a7)e 1 xdx. (42)
0

We can also find the solution to the more general equation in
(15) in a similar way.

SOME RESULTS OF THE CALCULATIONS

In order to have a quantitative representation of the degree
to which the atmosphere affects the brightness distribution over
the disk of the planet, we will assume that

=), lxl=1,
F(x){ AN (43)

This formula was obtained empirically by N.N., Sytinskaya for rough
surfaces. The parameter v is connected with the smoothness factor
g introduced by N.N. Sytinskaya by the ratio v = ¢g/2.

For the law of (43), instead of (17), we find that

A1 b3
Xy
1 {x—
Y
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and, instead of (22),
- i [

e . g Fy
fel) =" 4 ) (voyye ! ln(og>rdy- (45)

The tables for the functions f(x) and f,(x) were calculated accord-
ing to (44) and (45) on the digital computer "Minsk-22" for v =
0.0-1.0 (every 0.10) and o = 0.05-0.40 (every 0.05) and are given
in the Appendix.

The calculations according to (44) did not cause any diffi-
culties. As for (45), it was found to be more suitable to trans-
form it somewhat for o = 0.20. Using the expression for the gen-
erating function of the Laguerre polynomials [13, p. 1052], i.e.,

_ o (—1)nzn
1,2V x2)e2= N L (x) " (u46)
o( ] V,)e o a(X) )
n=0
formula (45) is converted into the following:
= -2 \
-5 - ()
L) =" roany N A (47)
¢ 242 2| (v n--2)

n=0

This expression was also used for fe(x) for the calculations with
¢ =z 0.20.

The following formulas are useful for controlling the accuracy

of the producible calculations. For v = 0, we have the expression
written below from (4u):
1 1T—x o1 xy
x)= — |0 |- (6 G N
s 2{ (;/20)* (Vzo/ (48)

where @ (&) is the probability integral, while we find from (45)
[13, p. 7311 that

AOBSH AT (49)

Let us turn to some conclusions which can be drawn from an
analysis of the numerical results given in the tables of the
Appendix. TFirst of all, let us evaluate the difference in the
results of calculations according to (44) and (45) for identical
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v and 0. For this, the table contains the wvalue

f (IRIN (e !
Al - 1_]( RN ();i(l(‘.",,,

i Y[ (0.00)

calculated for v = 0.0 and 0.5 and different values of o.

L

0.05 0n.n 0.7

0.5 joi
L ¥
015 g5 oy
N
I o
S S T
S
O S

It follows from the table that the use of the simpler equation
(4y4) instead of (45) for o < 0.25 yields an error which does not
exceed 10% for xS 0.95. However, we must keep in mind that, for
x 1 (i.e., beyond the edge of the disk), this error increases
somewhat. TFor example, the value Af = 19% for ¢ = 0.30 at x = 1.25
with v = 0, and Af = 18% for v = 0.5,

Let us also mention that, in the case of the Lambert law (v =
0.5) for 0 = 0.20, the decrease in brightness of the center of the
disk of the planet due to the atmospheric vibration is roughly Uu%.
However, even at o = 0.40 this decrease 1s equal to 20%. Thus,
we can disregard the effect of vibrations on the absolute value
of the brightness at the center of the disk only for rather low
c (i.e., for o < 0.20), when we are measuring the brightness accord-
ing to the method of absoclute photometry. The estimates given for
the errors refer only to the case of the Lambert law, and for v = 0

they will be much less.

Let us discuss the use of the tables given in the Appendix.
If we assume that the planet reflects light according to (43),
then we can make a rough estimate of the value o from a compari-
son between the brightness distribution obtained for observations

lau



and the results of calculations for a given v, i.e., we can basic-
ally solve the Ilnverse problem. I.K. Koval' attempted to find v
for Mars in this way in [2]. However, the error in the value of

v found was not evaluated in that study. Therefore, the result

is not reliable.

In continuing our study, it is suggested that the value of v
be found in the following way. The value of v is first roughly
estimated from a comparison between the observed values for the
brightness distribution over the Mars disk during an opposition
£1] and the results of calculations according to (45). The values
of the errors Av and Ao in the rough values of v and ¢ are then
found according to the least-square method by (45); and, finally,
the probable error in finding the latter is evaluated. This method
of solving the principal problem is correct if the assumption that
the Mars surface reflects light according to the law in (43) is

valid.
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APPENDIX
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THE METHANE ABSORPTION DISTRIBUTION IN THE 6190 A
BAND OVER THE DISK OF JUPITER

V.V. Avramchuk

ABSTRACT: The results of measurements of the
methane absorption iwm the 6190 4 band along the
disk of Jupiter are given. The data were taken
from 52 spectrograms, which were obtained in
1964-66 with the aid of a 70-cm reflector (Feff
= 30 m) with a diffraction spectrograph at-
tached (dispersion of 30 A/mm). It is shown
that the value of the methane absorption for

the center of the disk of Jupiter changed during
different periods of observations. The greatest
variations im intensity of absorption are found
for longitudes of 190-320° (System 1). The
equivalent widths Wy and depths Rp of the 6190 4
band are smaller for the edge zones of the
Jupiter disk than for the center. The differ-
ence between the equivalent widths is 65-6

The variations change substantially from the
edges to the center.

One of the possible methods of investigating the structure and
optical properties of the cloud cover of Jupiter is to study the
variations in absorption in the methane bands over the disk of the
planet and with respect to time. In the visible spectral region,
the studies are carried out in the 6190 & methane absorption band,
and many authors have measured the intensity of this band. A large-
scale study on the methane absorption over the disk of Jupiter was
carried out recently at the Astrophysics Institute of the Academy
of Sciences of the Kazakh S.S.R. It was shown in [1,2] that the
intensity of the 6190 & methane absorption band remained practically
constant over the disk during all the observation periods, and only
in the dark bands of Jupiter could a small increase in the equiva-
lent widths of the 6190 & CH, band be detected. One of the import-
ant earlier studies was that of Hess [3]. By Jupiter observations
carried out in October of 1949, Hess found some variations in the
latitudinal distribution of methane absorption, which he attributed
to the changes in relative altitude of the cloud cover at different
jovicentriec latitudes. It follows that, in order to establish the
real changes in the structure of the cloud cover of Jupiter, there
must be more complete and, if possible, more accurate observational
data on the distribution of molecular absorption over the disk of
Jupiter. Observations of this type were carried out at the Main
Astronomical Observatory of the Academy of Sciences of the Ukrainian
SSR from 1964 to 1966.
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OBSERVATIONS

Fifty-two spectrograms of Jupiter were obtained during the
period from November of 1963 to August of 1966. The observations
were carried out on the 70-cm reflector with Cassegrainian focus
(Feff = 30 m) with the aid of the diffraction spectrograph ASP-21
(dispersion of 30 & mm). The slit of the spectrograph was oriented
along the central meridian and the equator of the planet. Moreover,
a number of spectrograms of the south and north pole regions, as
well as the east and west limbs, were obtained. The general charac-
teristics of the observational data are given in the Appendix (Tables
1-3). The spectral width of the spectrograph slit was usually 4 R.
Many spectrograms were also obtained with a spectral width of the
slit of 1 B. It was suggested that these spectrograms be used not
only to study the 6190 methane band, but also to measure the in-
tensity of the ammonia band near 6450 &. All the spectrograms were
obtained on Kodak OaF photoplates. The type of emulsion of these
plates is characterized by a high and rather uniform spectral sensi-
tivity in a broad spectral region.

An important advantage of the Kodak plates is the extremely
high uniformity of the background. An insignificant decrease in
sensitivity near 6100-6200 & was considered in analyzing the spec-
trograms., _The exposures were for 7-10 minutes for spectral resolu-
tion of 4 A, and 80-100 minutes for resolution of 1 &.

To develop the plates, we used the D-19b developer and we
achieved with it a negative contrast on the order of 1.5-2.0, while
the linear segments of the characteristic curves encompassed a range
of blackenings from 0.3 to 1.6-1.8.

The negatives were calibrated with the aid of the a nine-stage
reducer. Particular attention was given to the equality of the
exposures when obtaining the spectrograms of Jupiter and applying
the reducer.

METHOD OF ANALYZING THE SPECTROGRAMS

The microphotometer MF-4 was used to analyze the spectrograms.
The receiving slit of the microphotometer guaranteed both the re-
guisite spectral resolution and resolution of details on the disk
of the planet. Ordinarily the height of the slit allowed us to
cut a detail on Jupiter into dimensions of 1.5".

Since we were interested in a detailed distribution of the
equivalent widths of the 6190 X band along the equator and central
meridian of the planet, the photometric scanning of the spectro-
gram was carried out in such a way that a continuous change in the
intensity of this band was obtained. For this, the slit of the
microphotometer was moved along the equator and central meridian
by the value of the height of the aperture of the microphotometer.
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Depending on the angular dimensions of the planet disk, we obtained
from 25 to 17 changes in the equivalent width and central intensity
of the 6190 R. The plates used in the range of the methane absorp-
tion band under study are characterized by some inconstancy in
spectral sensitivity. This effect was considered in the following
way. While recording the spectrograms of the planets, we also re-
corded the spectrograms of the electric bulb which was used for
calibration and which also served as the standard for_”tie-in"‘,
of the spectrograms of Jupiter. We then obtained the ratios ’Qt,
l ast

where I is the intensity at a certain wavelength of the

24
Jupiter spectrogram and I),st is the corresponding intensity of the
standard. The intensities thus corrected could be used in order to
construct the band contour and to determine its equivalent width
Wb; in this case, the possible decrease of the continuous spectrum
due to the "crowding" of the spectral (Fraunhofer) lines was not
considered. Moreover, we obtained an incorrect picture for the
general iIintensity distribution in the range from 6000-8500 X, since
the maximum in the energy distribution in the spectrum of the bulb
moved with respect to the maximum in the spectrum of the Sun.

In August of 1964 and October of 1966, we carried out a special
study cn the "tie-in" of our standards to the center of the solar
disk. As would be expected, the curve expressing the development
of the ratio Ig+I® coincides with the wavelength for both periods,
since the regime for supplying the bulbs remained unchanged. As a

!
s /Hﬂ . : Iy
result, the ratios -k can be converted into the ratios =,
lx‘st HERRYIO]
and then the contours may be constructed and the equivalent width
determined.

A comparison of the equivalent width of the 6190 8 band obtained
for "tie-in" to the standard and to the Sun shows a systematic dif-
ference of 2-2.5 X, where the equivalent widths were found to be
smaller in the second case. They were also used as the final data.

The equivalent width and central intensities were calculated
on the electronic computer "Primin'". '

EVALUATION OF ACCURACY OF THE RESULTS

The problem of evaluating the accuracy in determining the
equivalent width of the molecular band is rather complex.

The fact is that, strictly speaking, the spectrograms obtained
at different moments are not comparable for any given target. The
changes in intensity of the band on several spectrograms for the
same points on the disk may be due to actual processes, and not only
to measurement errors. Moreover, substantial variations may also
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occur in the distribution of molecular absorption on the disk it-
self, Nevertheless, we are compelled to use the spectrograms re-
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Fig. 1. Methane Absorp-
tion Distribution in the
6190 & Band Along the
Central Meridian on
March 23-24, 1966. (a)

UT 17h13m; (b) UT 17hoym,

(¢) UT 17h3gm; (d4) UT
17hugm; (e) UT 17hs5gm;
(f) Average for the 5
Times).

each of the spectrograms.

In this case, the calculations yield o =

lating to different methods of observa-
tions of the same region of Jupiter in
order to estimate the accuracy of the
results. The spectrograms which are
most suitable from this point of view
are those obtained directly one after
another, with short exposures. We

use this method to evaluate the accur-
acy of our results.

In March of 1966, we obtained a
numbher of spectrograms of Jupiter with
short exposures (¢ = 7 min) for orien-
tation of the spectrograph slits along
the central meridian. After analyzing
them, we obtained the equivalent width
Wb of the 6190 2, and constructed the
dependences of Wp on the jovicentric
latitudes. The results are given in
Figure 1. It is easy to see that the
general nature of the distribution of
Wy 1s identical for all the cited mom-
ents of observation. This permitted
us to construct the averaged distribu-
tion curves for Wy along the central
meridian, for a given period of ob-
servations, and to estimate the errors.
The root-mean-square error in a single
measurements of Wp was calculated ac-
cording to the following formula:

N
-~

2
o
Sn—N

o
GY =

’

where |»;| is the modulus of the devia-
tion from the arithmetical mean, Xng
is the total number of measurements of

+ 1.4 3, which also characterizes the intrinsic accuracy of our

results.

We should mention that some differences in the distribution of
methane absorption along the central meridian are possible and

realistic for the cited moments of observation.

In any case, there

are certain differences in the distribution of light and dark de-
tails on the disk of the planet, although the entire process of
observation took around 50 min.
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It can be seen from Figure 1 that the northern latitudes are
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Fig. 2. Brightness Distribution Along the Central Meridian on March
23-24, 1966. (1) At the Center of the 6130 & Band; (2) Outside the
6050 i Band.

characterized during the given observation period by stronger ab-
sorption than are the southern latitudes. The difference in ab-
sorption is 3-4 & for the cited latitudes. It is important that
the northern part of the disk is much darker than the south (Fig.
2). This indicates that there is a direct relationship between the
distribution of the dark substance and the intensity of the methane
absorption band: the dark regions are characterized by stronger
absorption.

The difference in brightness distribution along the central
meridian at the center of the absorption band (6190 ) and outside
the bands (6050 &) is represented in Figure 2.

RESULTS OF THE OBSERVATIONS

The equivalent widths Wp and depths Rp of the 6190 R methane
absorption band which were obtained from an analysis of the spectro-

grams of Jupiter are given in this study (Tables 1, 2 of the Appendix).

The spectrograms were obtained for orientation of the spectrograph
slit both along the central meridian and along the equator of the
planets. Moreover, a number of spectrograms of the limb zones of
the Jupiter disk was obtained. The results of an analysis of these
spectrograms are given in Table 3 of the Appendix.

Numerous light and dark details are observed on the spectrograms
obtained for orientation of the spectrograph slit along the central
meridian. A description is given in Table 1 of the Appendix. Some
of these details were identified as '"continuous" light zones and
dark bands of the visible surface of Jupiter, but this identifica-
tion may not be accurate in some cases, since we could not obtain
direct photographs of the entire disk of the planet in a parallel
manner.,
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In the case of orientation of the slit along the equator of
Jupiter, a description of the individual details is not given.
This can be explained by the fact that, although the equatorial
zone has a complex structure in individual cases, it nevertheless
generally has much fewer detalls than the direction along the
central meridian.

Let us discuss the characteristics of the results obtained in
more detail.

First of all, let us mention that the value for the methane
absorption for the central part of the Jupiter disk shows substan-
tlal changes from one observation period to another. Thus, the
equivalent width Wy of the 6190 & band was 17-19 8 in February
and August 1964, in March and August of 1966 and during certain
other observation periods. An increase in the methane absorption
was observed in January and February 1965. The equivalent width
of the 6190 & band for the central part of the Jupiter disk was
23-25 R during this period. The changes in intensity of the
methane band were insignificant for closely-spaced observation
times (from day to day), 1-2 R in equivalent width.

We have still not found a mechanism which might explain the

changes observed in the values for methane absorption. However,
we can mention a number of causes which might bring about this
effect. As was indicated in [1], one of them could be a change

in linear thickness of the purely gaseous layer above the clouds
due to a change in the effective upper boundary of the cloud layer
of Jupiter.
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Fig. 3. Longitudinal Distribution of Methane Absorption for the
Center of the Jupiter Disk. (+) Observations of 13980 (Data Taken
from [1]); (X) Observations of 19643 (0) Observations of 1865}
(A) Observations of 1966.

The vertical movements of the boundary layer of the cloud may

be due to the level of convection, i.e., the maximum level to which
the ascending motions of the gas can penetrate for a certain region
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of the planet. In other words, the circulation processes in the
Jupiter atmosphere may be caused by certain local sources dis-
tributed by longitude which have definite activity. Therefore,

we must determine whether the oscillations observed in the inten-
sity of methane absorption are characteristic of all the longitudes
or if they occur more frequently for completely defined regions

of the planet. To answer this question, we constructed the longi-
tudinal distribution of methane absorption and its change for dif-
ferent observation periods.

As can be seen from Figure 3, this distribution shows a number
of interesting characteristics. The greatest variations in inten-
sity of methane absorption are observed in the range of longitudes
of 190-320° (system 1). During single observation periods, the
equivalent width of the 6190 & band changed at the longitudes Ffrom
14-15 to 25-26 8. Other longitudes are characterized by much
smaller variations in intensity of methane absorption during the
entire observation periods.

It can be assumed that these differences may be explained in
terms of the varying intensity of the circulation processes in

the Jupiter atmosphere at different longitudes.

The intensity distribution of the 6190 & methane band over the

disk of Jupiter has been studied by many authors. A review of the
early studies can be found in [3] of Hess. It is indicated in all
these studies that there are no CH, variations. Although his ob-

servations were not numerous, Hess himself found that the 6190
methane band is somewhat diminished around the west and east limbs
near the equatorial region and much more diminished during a transi-
tion from the equatorial regions to the middle latitudes.

V.G. Teyfel' [1] did not find a substantial change in the 6190 &
band along the equator with his much greater number of spectra but
narrower dispersion than that of Hess. Although the latitudinal
distributions showed some particular characteristics, the deviations
Wwere smaller than those which Hess found. However, Munch and Younkin
[4] found, with the aid of a photoelectric spectrometer, that the
8190 & band somewhat decreases in intensity along the equator from
the center to the edge. It is difficult to establish a quantitative
agreement between these results and those of other authors, since
the authors cited did not publish numerical results for their meas-
urements.

Thus, there are discrepancies in the results of individual
authors. A detailed study of the distribution of methane absorption
in the 6190 & band along the central meridian and the equator of the
planet was therefore carried out according to all the spectrograms
obtained (see the Appendix).

Considering our results, it can be assumed that the nature of
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an absorption distribution in the 6190 2 band both along the central
meridian and along the equator changes substantially from one observa-
tion period to another. Almost all of the observations which were
carried out in January-February of 1965 show a gradual decrease in
equivalent width of the 6190 & band around the edges of the planet
disk (Fig. 4). Other observation periods are characterized by a
less pronounced decrease in intensity of methane absorption around
the edges of the Jupiter disk, but the values of Wp of the 6190 i
band are lower for the edge zone than for the center of the disk of
the planet in this case, as a rule., The final average data for the
central and edge zones are given in the Tables.
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Fig. 4. Absorption Distribution in the 6190 & Methane Band Along
the Central Meridian on January 16-17, 1965. (UuT1ighos™),

Zone Wy it Ry No. of Measure-
L ) ments
S-polar region 14,8 0.163 50
S-tropical dard band 20.9 0.221 46
Equatorial light =zone 20.3 0.211 45
N-tropical dark band 19.2 0.202 51
N-polar regions 15.7 0.171 55
Western Limb 14.8 0.162 28
Eastern Limb l16.4 0.176 32

The photographic edge effects obviously do not play a significant
role in determining the equivalent widths of outer bands, since

the spectrograms obtained especially for the edge zones of the
Jupiter disk with normal densities also gives less equivalent widths,
compared to the center of the disk.
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The variations from center to edge are shown in Figures 5 and
6 for all the observation periods.

Since a quantitative interpretation of the results obtained
will be given in a separate study, we will discuss only some general
concepts.
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Several hypotheses have been suggested to explain the small
variations between the center and the edges. We have already men-
tioned one of them, proposed by Hess [3]. V.G. Teyfel' [2] suggested
the following hypothesis in order to explain the constancy in in-
tensity of the CH, absorption band on the disk of Jupiter: the real
methane absorption occurs not only in the purely gaseous layer of
the Jupiter atmosphere above the cloud cover, but also in the cloud
layer itself.

However, as our observations show, the variations from center
to edge are of a much more complex nature for the absorption in the
6190 band than was assumed before. The value of W, - W, can change
from one observation period to another.

It seems to us that the hypothesis of multiple scattering pro-
posed by V.V. Sharonov [5] is the most natural explanation for our
results. According to this hypothesis, the absorption lines are
formed in the cloud layer during multiple scattering. In this case,
the depths to which the quanta penetrate near the edge of the disk
is less than for perpendicular incidence, which brings about a de-
crease of the absorption bands. Moreover, the upper boundary of the
cloud layer may have a complex "relief", which should have a substan-
tial effect on the observed variations from the center to the edge.
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As can be seen from the table, differences have not been estab-
lished in the value for methane absorption for the light equatorial
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R

band and the dark tropical band. Obviously, there is reason to
speak only of a connection between the intensity of methane absorp-
tion and the general distribution of dark matter over the disk of

the planet.
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APPENDIX

TABLE 1 DISTRIBUTION OF METHANE ABSORPTION IN THE 6190 & BAND ALONG
THE CENTRAL MERIDIAN

No.

OO0 U F WN -

10
11

12.

13
14

15
16

17
18

19.

20
21

N =

HPoOoo~Jo0 ufFw

(&

Characteristics of Details

1964
February 20-21, UT 17h53m(Ly

S-Polar Region

Dark Region

Dark Region

Light Band

Light Band

Light Band

Light Band

Dark Detail of Preceding
Light Band

Light Band

Dark Band

Dark Band

Dark, Clearly Distinguishable
Band

Light Band. Very Weak

Dark Band. Small Duplication
with Preceding Light Band
Dark Band (Darkness on Disk)

Light, Clearly Distinguishable

Band

Same

Dark Region
Dark Region
Polar Region
N-Polar Region

Identification
with "Constant"
Formations

280.6°, L1 =

S Tropical
Dark Band

Equatorial Zone

N Tropical
Dark Band

February 21-22 UT 16015M(L1 = 18.5°, L7

S-Polar Region

Dark, Clearly Distinguishable
band

Light Detail

Light Region

Darker Detail of Light Region
Beginning of Wide Light Band
Light Band

Darker Detail of Light Band
Light Band

Light Band

WbsR Rp
120.3°)
16.4 0.180
17.1 0.169
12.0 0.170
11.8 0.139
1l4.6 0.173
14.8 0.152
14.9 0.175
16.1 0.175
15.7 0.180
16.5 0.185
17.7 0.185
18.5 0.180
15.5 0.162
17.9 0.185
16.8 0.182
4.7 0.163
12.3 0.159
12.8 0.162
4.2 0.155
13.5 0.180
16.3 0.200
= 211.4°)

4.2 0.179
17.3 0.188
18.0 0.200
18.5 0.229
20.2 0.238
17.0 0.222
16.5 0.230
18.1 0.239
18.0 0.228
18.7 0.200
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CONTINUATION OF TABLE 1

No. Characteristics of Details Identification Wy, Ry
with "Constant"
B . Formations _
11, Beginning of Wide Dark Region 19.2 0.242
12, Dark Region 20.9 0.232
13. Same 19.2 0.231
14, Light Sharp Band 19.9 0.229
15. Light Sharp Band 15.8 0.181
16. Dark Band 18.2 0.179
17. Light Sharp Band 16.2 0.180
18. Dark Region 16.8 0.202
19. Dark Region 16.2 0.210
20. Dark Region 17.5 0.2038
21. N-Polar Region 17.1 0.198
22. N-Polar Region i4.8 0.199
23. N-Polar Region 21.0 0.241
August 26-27 UT 28h1sm (L1 = 250.2°, Ly = 94.0°)

1. S-Polar Region 17.3 0.209
2. Light Band 20.1 0.205
3. Light Band 22.3 0.208
b. Dark Band 20.3 0.219
5. Superposition of Dark and 19.2 0.220

Following Light Bands
6. Light Sharp Band 19.3 0.199
7 Superposition of Preceding S Tropical 18.7 0.205

Band and Following Dark Dark Band

Wide Bands
8. Dark Band 17.6  0.212
9. Light Band Hinted 22.1 0.222
10. Light Band (Center) Equatorial 17.9 0.213
11. Darker Segment of Preceding Light Zone 18.1 0.185

Light Band
12. Dark Band N Tropical 19.9 0.218
13. Dark Band g Dark Band 19.3 0.205
14, Dark Band 18.8 0.211
15. Light Sharp Band 18.2 0.202
16. Darker Segment of Preceding Band 18.8 0.215
17. Dark Region 17.9 0.212
18. Lighter Detail in Dark Regions 19.5 0.199
19. Dark Region 13.4 0.205
20. N-Polar Region 17.8 0.182
21. N-Polar Region 14,9 0.159

August 28-29 UT 00hl7m (Lt = 243.7°, L1y = 72.0°)

1. S-Polar Region
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CONTINUATION OF TABLE 1

No.

|

HOWOJ00FWN
* .

QO .
.

13.
14,
15.
16.
17.
18.
19.
20.

21.
22.

13.
14,

15.
1ls6.

Characteristics of Details

Dark Region

Dark Region

Light Band

Dark Detail in Light Band
Light Band

Light Band

Light Band

Dark Band

Light Band in Wide

Dark Regilon §
Same

Superposition of Previous
Light Band and Dark Region
Dark Band

Light Sharp Band

Same

Dark Regilon

Dark Region

Light Detail

Dark Band

Superposition of Light Band
and Following Dark Region
N-Polar Region

N-Polar Region

August 28-29 UT olho2m (L =

S-Polar Region

Light Band in Polar Region
Dark Detail

Light Sharp Band

Same

Dark Band

Light, Clearly Distinguishable
Band

Lightest Detail on Disk

Light Band

Dark Band

Center of Dark Band

Dark Band

Light, Clearly Distinguishable
Band

Superposition of Preceding
Light and Following Dark Bands
Dark Band

271.2°, L1 =

Identification
with "Constant"
Formations

S Tropical
Dark Band

Equatorial
Light Zone

N Tropical
Dark Band

S Tropical
Dark Band
Equatorial
Light Zone

N Tropical

Dark Band (Its Darkest Segments) Dark Band

99.2°

Wb,g Ry,
14.8 0.195
17.8 0.182
18.3 0.192
17.2 0.204
17.6 0.185
l6.6 0.198
18.2 0.196
1.4 0.202
16.8 0.192
17.6 0.208
16.7 0.186
17.4 0.194
16.7 0.196
16.0 0.179
i4.1  0.184
15.2 0.180
17.5 0.188
18.1 0.193
18.6 0.188
19.3 0.185
)
i4.6 0.160
15.8 0.166
16.8 0.182
15.6 0.176
17.2 0.200
17.1 0.194
19.8 0.188
l16.4 0.18%4
16.9 0.200
18.6 0.196
19.1 0.204
18.0 0.172
19.2 0.212
18.8 0.197
17.2 0.177
19.2 0.196
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CONTINUATION OF TABLE 1

No. Characteristics of Details ' Identification Wy, & Ry,
with "Constant"
- B ~ Formations -
17. Very Light Band 18.3 0.193
18. Light Band 16.1 0.178
19. Dark Region 17.6 0.180
20. Dark Region 17.5 0.196
21. Dark Region 15.8 0.178
22. Dark Region 17.5 0.188
23. Superposition of Light Band 15.5 0.178
and Following Light Reglon
24. N-Polar Region 19.1 0.192
25. N-Poelar Region 17.5 0.180

August 29-30 UT 23733™ (L = 14.9°, L = 195.7°)

1. S-Polar 16.3 0.177
2. S-Polar Region 17.2 0.193
3. Dark Region 19.2 0.190
L. Light Band 17.7 0.195
5. Darker Region 17.4 0.198
6. Same 18.0 0.200
7. Same 18.8 0.198
8. Light, Clearly Distinguishable 19.8 0.204
Band
9. Light, Clearly Distinguishable 20.8 0.209
Band
10. Dark Band ; S Tropical 19.4 0.205
11. Dark Band Dark Band 22.7 0.2186
12. Light Band Equatorial 20.0 0.216
13. Superposition of Light and Light Zone 19.3 0.208
Following Dark Bands &
14. Dark Band N Tropical 21.0 0.229
Dark Band
15, Light Band 18.8 0.203
16. Dark Detaill in Light Band 18.8 0.204
17. Light Band 17.3 0.194
18. Light Band 18.3 0.202
19. Light Band 17.5 0.183
20. Dark Region 18.7 0.202
21. Dark Region 20.0 0.259
22. Dark Region 18.2 0.206
23. Dark Region 19.5 0.202
24, -- (defect)
25. N-Polar Region l4.6 0.168
August 20-30 UT olPo2m (L7 = 69.1, L = 249.5)
1. S-Polar Region 13.1 0.141
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CONTINUATION OF TABLE 1

No. Characteristics of Details Identification Wb,g Ry
with "Constant"
Formations

2. Dark Region i4.6 0.175
3. Dark Region 18.1 0.191
b, Dark Region 15.3 0.186
5. Light Band 15.4 0.186
6. Dark Band 15.4 0.178
7. Light Band 16.3 0.182
8. Dark Detail in Light Band 15.3 0.185
9. Light Band 4.7 0.171
10. Dark Band 14.6 0.190
11. Dark Band (Insignificant S Tropical 18.2 0.198

Overlapping with Following Dark Band

Light Band) ]
12. Light Band Equatorial 15.9 0.18%4
13. Light Band Light Zone 17.3 0.189
14. Dark Band N Tropical 17.4% 0.191
15. Overlapping of Dark and Dark Band 15.2 0.17u

Light Bands

16. Lightest Band on Disk 16.9 0.188
17. Same 14,4 0.161
18. ©Somewhat Darker Site Than 13.2 0.180

Preceding Light Band
19. Same 14.0 0.177
20. Same 16.8 0.192
21. Dark Band 19.4 0.200
22. Light Detail 17.5 0.194
23. Dark Region 18.9 0.183
24 . - - -

25. N-Polar Region -

September 27-28 UT 21houm (L; = 184.8°, Ly = 145.1)

1. S-Polar Region 17.2 0.205
2. Dark Region 16.2 0.182
3. Light Band 16.5 0.175
y, Light Band (Somewhat Lighter) 18.7 0.206
5. Dark Detail in Light Band 16.9 0.194
6. Light Band 18.1 0.199
7. Lightest Detail on Disk, Con- 21.1 0.210
sisting of Two Component Details
8. Light Band 21.7 0.215
9. Dark Band S Tropical 21.2 0.208
10. Dark Band 2 Dark Band 21.8 0.226
11. Light Band Equatorial 22.0 0.217
12. Light Band (Lightest Segment) z Light Zone 20.7 0.220
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CONTINUATION OF TABLE 1

No. Characteristics of Details Identification Wp » & Ry
with "Constant"
. o R ~ Formations_ _ _

13. Dark Band (Imsignificant N Tropical 21.0 0.209

Overlapping with Preceding Dark Band

Detail)
14. Dark Band 17.2 0.202
15. Light Band 17.4% 0.185
l6. - - 0.180
17. Light Region 17.9 0.174
18. Light Region 15.9 0.180
19. Dark Region 16.6 0.210
20. N-Polar Region 21.3 0.227

21. ©N-Polar Region -

September 27-28 UT 23B19™ (L7 = 267.1°, Ly = 225.7°)

1. S-Polar Regilon 18.3 0.188
2. S-Polar Region 17.0 0.211
3. Light Region 17.6 0.184
L. Light Band 18.5 0.198
5. Dark Detail in Light Band 1g.4 0.199
6. Light Band 20.1 0.213
7. Lightest Detail on Disk 21.3 0.206
8. Light Band 21.5 0.221
9. Dark Band 21.2 0.226
10. Dark Band S Tropical 23.0 0.210
11. Overlapping of Dark Band Dark Band

and Trace of Light Band 21.7 0.218
12. Light Band Equatorial 22.7 0.214
13. Light Band (Darker Segment) Light Zone 17.8 0.212
14. Dark Band N Tropical 20.0 0.2086
15. Dark Band % Dark Band 19.9 0.214
16. Light Band 17.2 0.193
17. Light, Clearly Distinguishable 18.2 0.198

Band
18. Light Band (Darker Segment) 18.0 0.191
19. Dark Region 19.1 0.210
20. N-Polar Region 19.4  0.207

November 8-9 UT 18P35™ (L7 = 260.1°, Lyy = 251.7°)

1. S-Polar Region 10.8 0.130
2. 12.0 0.145
3. 14.0 0.1861
n, 4.5 0.182
5. iw.7 0.180
6. 17.1 0.188
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CONTINUATION OF TABLE 1

No.

7.

9.

10.
11.
l2.
13.
14,
15.
1s6.
17.
18.
1l9.
20.
21.
22.
23.
24,

15.

18.

Identification
with "Constant
Formations

Characteristics of Details

Wbag Ry,

Dark Wide Band S Tropical
Dark Wide Band Dark Band
Light Band .
Light Band (Center) 2 Eguizog;ié
Light Band &

Dark Band
Dark Band N Tropical
Dark Band Dark Band

Light Band
Light Band
Dark Region
N-Polar Region
N-Polar Region

January 16-17 UT 18h2sM(Ly = 3u42.8, Lyp = 177.0°

S-Polar Region

S-Polar Region

Light Band

Light Band

Dark Detail

Light Band

Overlapping of Dark and Following

Dark Bands S Tropical
Dark Band Dark Band
Dark Band
Light Band Equatorial
Light Band Light Zone
Dark Reg%on N Tropical
Dark Region

. Dark Band
Dark Region

Light Band
Light Band
N-Polar Region
N-Polar Region

l16.1 0.180
16.8 0.182
17.2 0.188
19.1 0.211
19.0 0.208
18.9 0.209
18.4 0.216
[illegible]
18.6 0.208
18.0 0.198
17.3 0.182
15.8 0.178
13.0 0.155
14.6 0.154
14.7 0.162
13.0 0.168
13.5 0.177
13.4 0.1867

)

8.2 0.102
14.7 0.150
15.9 0.178
12.5 0.168
17.9 0.198
19.3 0.200
17.9 0.196

18.0 0.184
1.4 0.183
20.8 0.190
17.1 0.185
12.7 0.182
l6.1 0.171
13.8 0.1148
12.6 0.142
11.9 0.126
11.2 0.120
11.5 0.114

January 16-17 UT 19hyy™ (L = 31.0°, L1y = 177.0°)

S-Polar Region
S-Polar Region

9.2 0.090
13.0 0.138
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i

16.0
14.2
13.
17.
18.
17.
18.
17.
22.

O F F oo

20.
1g9.

0N

20.
19.
18.
18.

W 3 oo

le.
13.
15.
15.
12.

oo F F o

8.
12.
15.
17.
22.

FNyoagH-

21.
26.
28.
23.

= o g w

17.
22,
20.8

o

18.5

No. Characteristics of Details
with "Constant"
Formations
3. Light Band
T Light Band
5. Light Band
6. Dark Detail in Light Band
7. Light Band
8. Light Band
9. Dark Band
10. Dark Band S Tropical
11. Dark Band (Overlapping with Dark Band
Following Light Band)
12 Light Band Equatorial
13 Light Band (Overlapping withg L? ht 7
Following Dark Band) tE one
l4. Dark Band
15. Dark Band .
16. Dark Band gaiioiiﬁil
17. Overlapping of Dark and
Following Light Bands
18. Light Band
19. Light Band
20. N-Polar Region
21. ©N-Polar Region
22. N-Polar Regilon
January 24-25 UT 160h47™ (L = 105.2°, Lty =239.0°)
1. S-Polar Region
2. S-Polar Region
3. S-Polar Region
b, Light Band
5. Dark Band (Overlapping with
Preceding Light Band)
6. Light Band
7. Dark Band
8. Light Band
9. Light Band (Overlapping Somewhat
with Following Dark Band)
10 Dark Band
11 Dark Band S Tropical
12 Overlapping of Dark and Dark Band
Following Light Bands
13 Light Band .
14 Light Band (Overlapping with Equatorial

136

Following Dark Band) Light Zone

19.8

Identification Wy, 5 &

leNeoNeNeoNoNeNeolNe Nol

o o

[N eNeNe]

[eNeNeNeoNe]

[ NeNeoNoNe]

[eNeNeNe)

o o

Ry

L1174
.166
.170
.181
.185
.180
.200
.19k
.212

.204
.198

. 204
.208
.184
.190

.168
148
.150
148
115

.11l8
.157
.186
.182
.204

224
.248
.262
248

.250

220

.193

.196
.206
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CONTINUATION OF TABLE 1

No.

15.
16.
17.
18.
19.
20.

21.
22.
23.

0N FE wN

10.
11.
12.
13.

14,
15.
16.
17.

18.
19.
20.
21.
22.

Characteristics of Details

Dark Band

Dark Band

Dark Band
Light Band
Light Band
Overlapping of
Following Dark
Dark Band
Light Band
N-Polar Region

January 24-25 UT 17055™ (g

S-Polar Region
S-Polar Region
Overlapping of
Light Band
Dark Detail in
Same

Light Band
Overlapping of
Bands

Light Band

Light and
Band

Dark and Light Bands

Light Band

Dark and Following Light

Dark Detail Seems to be Hinted at.

Light Band
Light Band

Overlapping of Light and Following
Dark (Wide) Band

Dark Band
Dark Band
Dark Band
Overlapping of

Dark and

Following Light Bands

Light Band
Dark Band
Light Band
N-Polar Region
N-Polar Region

January 24-25 UT 19hoe™ (Z; = 190.0°

S-Polar Region
S-Polar Region
Light Band
Light Band

Identification Wy,R Ry
with "Constant!"
Formations )
N Tropical 18.2 0.200
Dark Band 21.9 0.207
19.0 0.208
16.3 0.187
13.1 0.166
14,1 0.162
15.8 0.168
11.5 0.149
9.3 0.140
146.7, Ly = 280.1°)
9.1 0.121
11.8 0.126
13.8 0.168
15.8 0.172
15.6 0.172
18.4 0.179
23.2 0.200
20.4 0.203
20.6 0.210
19,5 0.186
21.3 0.204
17.1 0.182
15.9 0.178
s 17.5 0.190
Dark Bavd 146 0.180
ar an 15.2 0.180
13.9 0.152
15.0 0.l168
14.0 0.1u46
11.5 0.135
11.2 0,154
12.9 O.1luy
N LII = 822.79°)
7.6 0.108
1l2.8 0.142
1l4.8 0.166
16.9 0.176
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CONTINUATION OF TABLE 1

138

No. Characteristics of Details Identification Wb,x Ry
with "Constant"
Formations
5. Dark Detail in Light Band 20.9 0.202
6. Dark Band 24,2 0.236
7. Dark Band 28.7 0.261
8. Light Sharp Band 25.5 0.256
9. Dark Band 26.6 0.250
10. Dark Band S Tropical 27.9 0.274
11, Dark Band Dark Band 27.9 0.270
12. Dark Band (Overlapping with
Following Light Band)
13. Light Band Equatorial 25.5 0.236
14, Light Band Light Band 27.0 0.251
15. Overlapping of Light and 24,2 0.224
‘ Following Dark Bands) N Tropical
16. Dark Band Dark Band 17.0 0.191
17. Dark Band 16.9 0.190
18. Overlapping of Dark and 17.9 0.203
Following Light Bands
19. Light Band 15.1 0.188
20. Light Band (Overlapping with 14.8 0.172
Following Dark Band)
21. Dark Band 4.4 0.171
22. Dark Band i4.7 0.158
23, N-Polar Region 13.8 0.174
24, N-Polar Region 11.3 0.134
25. N-Polar Region 11.9 0.1u4hk
January 25-26 UT 19B1u4™ (L = 352.6, Lyy = 118.0°)
1. S-Polar Region 7.8 0,101
2. S-Polar Region 10.2 0.133
3. S-Polar Region 11.0 0.122
b, Light Band 16.6 0.146
5. Light Band l16.4 0.168
6. Dark Detail in Light Band 16.7 0.174
7. Light Band 17.9 0.177
8. Light Band 19.6 0.192
9. Dark Band 19.8 0.188
10. Dark Band S Tropical 17.8 0.180
11. Overlapping of Dark and Dark Band 16.8 0.182
Following Light Bands
12, Light Band Fquatorial 16.1 0.178
13. Light Band (Overlapping with L? ot Band 19.0 0.181
Following Dark Band) +8 an
14. Dark Band 17.4 0,197
15. Dark Band N Tropical 16.2 0.182
16. Dark Band Dark Band 17.4 0.180



CONTINUATION OF TABLE 1

No.

Characteristics of Details Identification

Wp.& Ry
with "Constant"
- - Formations
Light Band 17.2 0.162
Light Band 13.6 0.168
Dark Sharp Detail 13.0 0.158
Light Band i2.8 0,150
Light Band 11.4 0.14l
N-Polar Region 12.5 0.160
N-Polar Region - -
February 12-13 UT 16h38™ (L = 216.7°, Ly =205.6°)
S-Polar Region 18.9 0.193
S-Polar Region 16.6 0.169
Light Band 18.8 0.212
Light Band 21.6 0.206
Light Band 24,2  0.241
Dark Band 24.0 0.252
Light, Clearly Distinguishable 24,6 0.245
Band
Same 25.6 0.248
Dark Band S Tropical 24 .4 0.245
Dark Band (Center) Dark gand 23.8 0.251
Dark Band 23.7 0.248
Light Band Equatorial 26.5 0,264
Light Band (Overlapping with( Licht Band 25.0 0.255
Following Dark Band) ~1g an
Dark Band g N Tropical 26.2 0.255
Dark Band Dark Band 25.8 0.254
Dark Band (Overlapping with 22.8 0.238
Following Light Band)
Light Band . 23.1 0.226
Dark Abrupt Band 23.6 0.224
Light Band 22.0 0.218
Overlapping of Preceding Band 22.2 0.223
with Following Dark Band
Dark Band 21.6 0.218
Dark Band 22.2 0.212
Light Detail in Polar Region l19.4 0,205
N-Polar Region 17.2 0.184
N-Polar Region - -
February 12-13 UT 1ghoom (L1 = 280.2°, Ly = 268.4°)

S-Polar Region 17.5 0.168
Light Band 14,8 0.1i80
Light Band 18.0 0.192
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CONTINUATION OF TABLE 1

No. Characteristics of Details Identification Wb,x Ry
with "Constant"
Formations

e Dark Band 16.6 0.187
5. Dark Band 19.2 0.200
6. Light Band 19.9 0.212
7 Light Band (Center) 20.4 0.203
8 Light Band 20.3 0.212
9 Overlapping of Light and 23.8 0.239
Following Dark Bands
10. Dark Band 22.0 0.226
11. Dark Band (Slight Overlapping S Tropical 25.2 0.218
with Following Light Band) Dark Band
12, Light Band Equatorial 24.8 0.247
13. Light Band g Light Band 24.0 0.236
i4., Overlapping of %1ght N Tropical 25.2 0.240
Band and Following Dark Bands Dark Band
15. Dark Band 21.2 0.221
16. Light Band 21.7 0.226
17. Light Band 20.0 0.223
18. Overlapping of Light Band and 21.9 0.221
Dark Region
19. Dark Region 22.4 0.222
20, Dark Region 20.0 0,202
21. N-Polar Region 17.2 0.171
22, N-Polar Region 16.8 0.186
23. N-Polar Region - -
October 14-15 UT 207us™ (L; = 176.6°, Lyy = 109.5°)
1. S-Polar Region 9.7 0.113
2. Dark Detail 10.9 0.128
3. Overlapping of Preceding Detail with 13.9 0.160
Light Band
b, Light Band 13.7 0.188
5. Light Band 19.7 0.197
6. Light Band 22.2 0.218
7. Overlapping of Light and 25,5 0.245
Light Band
8. Dark Band 23.8 0.230
9. Dark Band S Tropical 25.7 0.258
10. Dark Band (Overlapping with Dark Band 31.9 0.290
Following Light Band)
11. Light Band Equatorial 28.5 0.266
12. Superposition of Light Band Light Band 27.2 0,270
with Fellowing Dark Band
13. Dark Band N Tropical 28.0 0.252
14, Dark Band Dark Band 28.0 0.246
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No.

15.
16.
17.
18.
19.
20,

21.
22.
23.
24,

Characteristics of Details

Light Band
Light Band
Light Band
Light Band
Light Band
Light Band (Overlapping with
Darker Regions)
Dark Regilons
Dark Region
N-Polar Region
N-Polar Region

November 16-17 UT ooR20™ (rg

S~-Polar Region

Dark Band

Dark Band

Overlapping of Dark and
Following Light Band
Light Band

Dark Detail

Light Band

Light Band

Jark Band

Light Band

Light Band

Light Band (Central Segment)
Light Band (Darker Segment)
Light Band

Dark Band

Dark Band

Dark Band

Light Detail in Dark Band
Light Band

Dark Abrupt Band

Light Band

Dark Region

N-Polar Region

N-Polar Region

h

Identification Wb

with "Constant"

Formations

284.8°, Ly =

S Tropical
Dark Band

Equatorial
Light Band

N Tropical
Dark Band

November 16-17 UT 02'22™ (L; =353.7°, L1t

S-Polar Region
Dark Region

o
A Ry
25.9 0.248
23.6 0.190
22.4 0.222
21.1 0.200
17.1 0.183
16.2 0.171
15.8 0.167
13.6 0.148
9.0 0.107
7.5 0.103
317.5°)
17.6 0.183
14.9 0.180
16.7 0.191
20.1 0.201
18.7 0.217
19.0 0.210
20,7 0.214
25.2 0.244
23.3 0.230
20.0 0.223
21.9 0.240
22.6 0.237
26.6 0.256
2.5 0.242
23.5 0.235
20.1 0.216
18.1 0.198
17.0 0.195
18.0 o0.188
14.4 0.160
l2.4 0.152
14,8 0.164
15.4 0.178
15.9 0.178
= 25,8°)

19.6 0.207
21.3 0.208
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Identification

No. Characteristics of Details
with "Constant"
Formations
3. Light Band
b, Light Band
5. Darker Band
6. Light Detail
7. Same
8. Dark Band S Tropical
Dark Band
S, Light Band
10. Light Band
11. Darker Segment of Light Band
12 Dark Band Equatorial
13 Light Band Light Band
1y Light Band
15 Darker Segment of Light Band
16 Darker Reg%on N Tropical
17 Darker Region
Dark Band
18 (underexposure) %
19 - -
20. - -
21, - -
22, - -
23. - -
24, - -

o~ ENN B
e s s e & s e e o

HEHP
DA EFWNOHO

17.
1s8.
19.

142

November 19-20 UT 19

S-Polar Region

Light Region

Light Region

Dark Detail of Light Region

Same

Light Region
Light Region
Light Region

Darker Segment of Light Region

Same
Dark
Dark
Dark
Dark
Dark
Dark
Dark

Band
Band
Band
Band
Band
Band
Band

56" (Ly = 232.3°, Ly = 243.7°)

18.1
13.4
13.4
13.2
13.86
15.1
15.6
13.9
13.8
13.9
15.86
15.7
1l6.
23.
22.
18.
16.9

0w w3

0.173
0.168
0.14y
0.166
0.156
0.177
0.158
0.158
0.156
0.156
0.186
0.184
0.191
0.238
0.232
0.218
0.152



CONTINUATION OF TABLE 1

No.

20.
21.
22.

g FwN -

Hoogo

12.

13.
14,
15.
l6.
17.

WO OUFwN
e s s e e & * v .

Characteristics of Details

Identification W R
with "Constant" b

Formations

1966

March 22-23 UT 18P0s™ (L = 147.3°, Lyy = 300.8°)
S-Polar Region 19.7
S-Polar Region 18.8
Light Band 19.1
Light Band 17.2
Superposition of Dark and Light 19.86
Bands
Light Band 21.6
Light Band 23.8
Dark Band 23.4
Dark Band 22.5
Superposition of Dark and 22.8
Following Light Bands
Light Band 22.5
Light Band (Superposing with 23.6
Following Dark Band)
Dark Band 21.8
Dark Band 22.8
Light Band 20.8
Dark Region 17.8
N-Polar Region 1l6.1

March 22-23 UT 18%48™ (I

S-Polar Region

Light Detail

Dark Band

Lighter Region

Dark Band

Dark Band

Light Band

Light Band

Dark Band (Overlapping with
Preceding Light Band)
Darkest Site of Dark Band
Light Band

Light Band

Dark Band

= 173.5°, L1y = 326.8°)

17.5
18.4
18.1
16.0
20.8
21.1
20.7
20.6
24.8
22.1

22.0
22.8
21.1

Rp

0.
0.
0.
0.
0.

0.
0.
0.
0.
0.

(@]

o

0.
0.
0.
0.
0.

0.

[oNeNoNel

0.
0.
00.
0.
0.

0.
0.
0.

204
205
208
202
234

218
235
229
23¢9
2uy

230
236

234
224
222
217
172

173
188
183
186
206
202
226
208
228
234

230

224
221
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No. Characteristics of Details Identification Wb,ﬁ Ry
with "Constant"
Formations
1y, Dark Band 18.2 0.20h4
15. Dark Band 21.8 0.207
16. Dark Band 22.2 0.231
17. Light Band 23.3 0.218
18. N-Polar Region 19.6 0.210
19. ©N-Polar Region 17.8 0.194
March 22-23 UT (19%s58™ (Lp = 218.7°, Ly = 6.7°

1. S-Polar Region 1.4 0.160
2. S-Polar Region 17.8 0.194
3. Dark Region 18.1 0.188
b, Dark Region 18.5 0.203
5. Light Band 16.1 0.176
6. Light Band 1l7.6 0.192
7. Light Band l6.8 0.175
8. Light Band l9.4 0.205
g. Dark Band (Slight Overlapping 18.9 0.200

with Preceding Light Band)
10. Dark Band 19.8 0.210
11 Overlapping of Dark and Light 20.7 0.222

Bands
12. Light Band 18.3 0.210
13. Overlapping of Light and Dark Bands 22.1 0.238
14, Dark Band 21.3 0.240
15. Light Band 22.2 0.206
16. Dark Detail 21.1 0.208
17. N-Polar Region 20.7 0.204
18. N-Polar Region 15.5 0.15%4

March 23-24 UT 17°18™ (Ly = 273.4°, L1y = 59.4°)

1. S-Polar Region 12.3 0.118
2. Light Band 6.4 0.160
3. Overlapping of Light and Dark Bands 14.4 0.175
L. Light Sharp Band 15.0 0.160
5. Dark Band (Slight Overlapping with 15.1 0.163

Preceding Light Band)
6. Dark Band 15.7 0.181
7. Light Band 17.9 0.183
8. Light Band 16.5 0.195
9. Dark Band 17.4 0.190
10. Light Band (Lightest on Disk) 18.4 0.192
11. Dark Region 21.6 0.222
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CONTINUATION OF TABLE 1

No. Characteristics of Detaills Identification Wb,g Ry

with "Constant"

Formations
12. Dark Region 20.6 0.212
13. Dark Region 21.6 0.201
14. Dark Region 19.1 0.204
15. Light Band 20.8 0.212
16. Light Band 20.1 0.182
17. Polar Region 19.3 0.171

March 23-24 UT 17%24™ (Ly = 280.1°, LT = 66.1°)
1. S-Polar Region 15.4 0.184
2 Light Band 14.3 0.176
3. Light Band iy, 7 0.178
b, Light Band 14.0 0.162
5. Dark Band 18.4 0.190
6. Lighter Site in Dark Band 16.8 0.180
7 Overlapping of Light and Dark le.4 0.174
Bands

8. Dark Band S Tropical 19.2 0.196
g. Dark Band Dark Band 19.3 0.198
10. Light Sharp Band Equatorial 20.2 0.229

Light Band
11. Dark Band 21.5 0.215
12. Dark Band N Tropical 19.4 0.207
13. Overlapping of Dark and Dark gand 17.8 0.208

Following Light Band
14. Light Band 19.7 0.217
15. Light Band 139.0 0.200
16. N-Polar Region 18.4 0.202
17. N-Polar Region 18.8 0.191
March 23-24 UT l7h38m (LT = 288.6°, Ly = 74,5°)

1. S-Polar Region 18.4 0.172
2. Light Band 16.8 0.167
3. Light Band 18.4 0.188
L. Light Band l9.4 0.174
5. Dark Band 16.2 0.188
6. Dark Band 17.1 0.180
7. Dark Band 16.2 0.175
8. Dark Band 19.7 0.206
9. Dark Band (Darkest on Disk) 18.7 0.204
10. Light Band 21.5 0.229
11. Light Band 20.9 0.212
12. Dark Sharp Band 19.7 0.210
13. Light Band (Overlapping with 20.4 0.222

Preceding Dark Band)
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CONTINUATION OF TABLE 1

Characteristics of Details

No.
with "Constant"
Formations
14, Dark Band 21.6
15. Light Band 18,2
16. Light Band 20.1
17. N-Polar Region 20.0
March 23-24 UT 17°4e™ (57 = 295.3°, Lip = 81.2°)
1. S-Polar Region 12.0
2. Light Band 17.1
3. Light Band 18.5
4. Light Band 14 .1
5. Light Band iy.7
6. Dark Band 15.4
7. Light Band 17.0
8. Dark Band 17.3
9. Dark Band 16.8
10. Light Band 18.5
11. Light Band 19.2
12 Light Band 1.4
13 Overlapping of Light and 22.86
Dark Bands
14. Overlapping of Dark and 20.2
Following Light Bands
15. Light Band 19.4
16. Light Band 17.8
17. N-Polar Region 20.3
March 23-24 UT 17°58™ (L = 300.8°, Ly = 86.6°)
1. S-Polar Region 16.9
2. Light Band 17.2
3. Light Band 15.8
L. Light Band 15.6
5. Dark Band 18.0
6. Dark Band (Overlapping with 17.3
Light Detail)
7. Overlapping of Light Detail 16.0
and Following Dark Band
8. Dark Band 18.0
9. Light Abrupt Band 15.86
10 Overlapping of Dark and 18.0
Light Bands
11. Light Band 20.0
12. Light Band (Darker Site) 20.9

lus

Identification Wb,g

Ry

0.217
0.207
0.202
0.204

0.132
0.170
0.182
0.156
0.168
0.163
0.17k
0.1865
0.177
0.198
0.206
0.210
0.229

0.194

0.196
0.200
0.212

0.178
0.178
0.178
0.176
0.18Y4
0.177

0.1867
0.192
0.167
0.192

0.204
0.204



14,

CONTINUATION OF TABLE 1

No. Characteristics of Details

13. Dark Band (Darkest on Disk)
Light Band

15. Dark Region

16. N-Polar Region

17. N-Polar Region

March 27-28 h

UT 18715™ (L7

1. S-Polar Region

2. Light Region

3. Dark Detail in Light Region

4 Light Region

5 Light Region

6 Overlapping of Light Region
and Following Dark Band

7. Dark Band

8. Darker Band (Overlapping with
Following Light Band)

9. Light Sharp Band

10. Same
11. Same
1l2. Same
13. Same

14. Dark Region
15. Dark Region
16. N-Polar Region

uT lgh

March 27-28 27" (L
S-Polar Region

Dark Region

Light Band

Dark Band

Light Band

Darker Band

Light Detail

Dark Sharp Band

Light Band
Light Band
Light Band
12. Light Band
13. Dark Sharp
14, Same

15. Light Band

O O~ ULF wN
e o s o e o

B
Ho

Detall

Identification Wb,R

Ry
with "Constant"
Formations
19.8 0.188
18.2 0.194
18.3 0.204
18.8 0.178
15.7 0.148
= 222.0°, Ly = 337.2°)
16.2 0.168
19.9 0.209
13.6 0.171
i4.7 0.179
14.6 0.186
15.2 0.180
15.5 0.182
15.9 0.172
4.9 0.178
16.0 0.180
17.4 0.176
13.8 ©0.150
20.5 0.222
21.2 0.248
16.5 0.206
13.2 0.138
= 265.8°, Lyt = 20.7°)

l9.4 0.207
i4.4 0.156
l16.5 0.184
17.1 0.211
i8.6 0.212
19.2 0.212
21.3 0.236
19.4 0.216
20.8 0.232
138.7 0.217
18.9 0.220
20.5 0.214
18.1 0.198
18.9 0.199
13.8 0.170
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CONTINUATION OF TABLE 1

Identification Wy LR

No. Characteristics of Details
with "Constant"
Formations
16. Dark Region 16.2
17. ©N-Polar Region 16.2
August 30-31 UT 02P14™ (L; = 272.6°, Lyp = 113.1°)

1. S-Polar Region 19.5
2. Dark Region 20.5
3. Dark Region 17.0
b, Light Band 18.9
5. Light Band 18.2
6. Light Band 20.0
7. Overlapping of Light and 15.8

Following Dark Bands
8. Dark Band 18.3
9. Dark Band 20.8
10 Dark Band 17.2
11 Light Band 18.0
12 Overlapping of Light Band 15.4

and Darker Region
13. Dark Region 18.3
l4. N-Polar Region 17.1
15. N-Polar Region 16.2

August 30-31 UT 02"31™ (Ly = 283.0°, L1 = 102.8°)

1. S-Polar Region 16.2
2. Light Band 15.6
3. Dark Region 16.3
b, Light Band 14.3
5. Light Band 15.5
6. Light Band 16.8
7. Overlapping of Light and 1.4

Following Dark Bands
8. Dark Band 18.4
9. Dark Band 15.2
10 Dark Sharp Detail 17.8
11 Light Band 18.3
12 Light Band 17.0
13. Dark Band 18.9
14, Dark Band 20.8
15 N-Polar Region 13.1

lu8

Ry

0.202
0.184

0.195
0.185
0.185
0.195
0.185
0.186
0.192

0.191
0.185
0.175
0.202
0.185

0.205
0.182
0.202

0.185
0.175
0.182
0.171
0.180
0.185
0.192

0.195
0.185
0.205
0.210
0.202
0.205
0.215
0.160
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TABLE 2.

ALONG THE EQUATOR _

DISTRIBUTION OF METHANE ABSORPTION IN THE 6190 R BAND

{ o '
| i Py . Xl K Rb Wb,?i Ry W R Rb
NO. ‘NonQ/SO;Aug 2607 Aug 28/29Aug..29/30Aug 29/30
100
UT 1870 UT 0 137 U'l 22"58’" Ve o
(L,=166f’3) {L,=300.1} (L= 105.6) (Ly=321.00 b g, s
- I _
| 1 21.2 0.2060 - — — _ 18 1 0 4oq (o0 A ton
] 2 20 1 0oty — O T T A T O T R T T AR R TR
| s I T O S S N T L S B VO O KON BT PR R I TS
1 4 A T S U LT T R R TSN T SO N (T N S AV SN Y W NS £ S R TN T R SV PR SR
5 21,2 0900 12.6 0.150 147 0.260 16,3 0.188 13,0 0.5
6 20,8 0.210 12.6 0.155 10.6 0.208 9.0 0.1sx 17.8 0.:
7 20,9 0,220 13.5 0.160 199 0.210 18.4 0.06 I5N.7 0.
8 25.2 0.2 12.8 0.0 1910 00200 213 o002 1702 gl
9 2100 0900 37,0 00175 177 GL208 2008 g oonn 10010 000
10 198 0.217 1.0 0160 18,0 0200 200 0ea 198 p.oa2
11 23.3 0.218 (8.3 0.170 18.8 0.205 22.0 0.2/ 9.4 g.ow
12 25.7 0.228 14.6 0.185 191 0,906 25.9 0.226 1.6 0016
13 23.60.230 17,0 0,180 18.2 .00 23.0 0.217 Q0.9 4, )
1t 211 0.220 170 008 07.0 0212 230 0292 18 e,
15 27,3 0.238 g7, 0.180 I8.0 o200 224 00019 103 e
165 22,2 0.230 q7.5 0.165 180 o 20 20.4 0.203 10,1 #.07
17 291 0250 5.7 0.195 185 0.216 19.5 6.200 19.2 0.2006
18 23.7 0.220 99 0.100 18.3 0.202 17.9 0.201 17.2 0.1%1
19 25.1 0.228 qg.¢ 0.200 15.5 0.199 2.4 0.198 19.6 0.191
20 26.0 0.220 7.8 0-190 18.5 0.186 15.0 0.ixi 17.7 0.187
21 24.2 0.248 9.9 0.195 18.2 0.188 183 0.192 17.5 0.1
22 25.8 0.230 9.4 0.190 15.6 0,168 18.4 0.188 10.1 0.190
23 24.4 0.230 149 0.170 17.4 0.172 15.2 0.170 17.6 0.130
24 24.3 0.217 5.2 0.172 i4.1 0.15 ~— —
25 22.9 0.207 12.3 0.159 15.1 0.170 19.7 0.184
26 20.3 0.179
27 23.8 0.218
28 23.6 0.178
29 19.9 0.2i0
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CONTINUATION OF TABLE 2

150

| %
!Wb’?‘j R ;Wb,? ’W 4 R, .i . Wb,% R_
No. I-Sep.27/28[Jan 2'—V25ban.’25/26Leb 12/13Nov.16/17
1964 i 1965 . 1905 . 10065 1965
‘ Ut 21/129111 ’ uT 20)145"1 , UT 21hozm ! uT 17h2:n1 Ur 1”09
| (F,=198.3) ‘ (L,=~250.9) | (£, =(2.2) f (L,=242.9) (L,--300.2)
1 — — 8.3 0.114 — — 13,4 0.160 — —
2 .1 0348 10.7 0.111 9.7 0,125 16,4 0,164 — —
3 17.6 0157 11.4 0126 10,7 0,922 182 o1 17 8 0 e
1 18.2 0.171 14,0 0.152 12.3 .03/ 2.0 0.con dns wl!
) 18,1 0.180 15.4 0.159 12.7 ©.146 20-3 0.200 19.9 0.1
6 18.3 0.198 17.7 0.176 16.5 0.161 22.3 0.218 20.4 0.196
7 19.4 0.206 17.7 0.170 17.5 0.174 21.4 0.203 8.1 0.208
8 22.6 0.220 6.4 0171 18.6 0.199 22,2 0.214 22,0 0.2(9
9 19.3 0.204 16.6. 0.171 20.9 0.190 22.6 0.222 22.9 (.25
10 19.6 0.223 19.7 0.176 20.2 0.201 2j.6 0.210 22.§ 0.216
11 20.8 0.215 14.8 0.161 20.3 0.19% 21.6 0.215 22.2 0.223
2 20.4 0.214 17.1 0.196 21.0 0.198 19.9 0.206 23.0 (.223
13 19.7 0.209 15.1 0.172 20.4 0.190 21.2 0.202 19.6 0.2i0
11 19.2 0.196 13.4 0.156 18.2 0.1586 18.8 0.196 19.8 0.2us
15 17.0 0,194 14.5 0.161 19.0 0.187 17.2 0.176 17.2 0.186
16 19.0 0.186 11.9 0.141 18.9 0.191 17.5 0.205 16.0 0.189
17 18.6 0.i187 10.9 0.131 18.8 0,178 20.6 0.200 17.9 0.182
18 1T 0,174 10.8 0,118 15,7 0.I66 23,0 0.257 17.6 0.178
19 15.7 0.182 9.8 0.136 15.8 0.158 16.3 0.184
20 5.5 0.164 9.5 .0.120 17.0 0.176 1.6 0.174
21 17.5 0.188 9.5 0.104 15.6 0.156 15.9 0.193
22 22.1 0.222 1.2 0.137 17.6  0.204
23 16.2 0.175 i9.2 0.216
24 17.2 0.154
25 13.2 0.126



CONTINUATION OF TABLE 2

w.R R iw K ‘p Wi 8 Ry W A R

s t 4 b
- P ! l P PRSI
No, &m 2%& ug§0/31” No. !Man27/28Aug30/31
|Ulm%1 ut 2™ l l v gy e
(L, 304.9) (Ly=2093.y7 ! bohy=3019%) (L=
| | i l ,
1 16.9 0,10 16.1 0.168 10 Tallh 00T s 367 0
2 19.7 0,137 1.6 0,14 11 LA T P
3 130 00138 7.7 0.5 12 HATON RS B o
i LU 0170 1R.E D 1.5 P2 D BT TR I IS
nH Peoh 0907 1500 0 190 i 17,2 oo e
6 7.0 n 1y 184 0 08) 3} 1R 7 02010 1,.0 n.i-h
7 9.1 0.008 17,1 0,185 16 1“0 0,210 13,7 0,100
bl 19.7 0.210 15 4 0,100 17 1.2 0,217 11.2 0,160
9 19.1 0.208 (9.0 0.200 18 16.7 0.180

Note: The first point of each spectrogram corresponds to the
western limb of the planet.

TABLE 3. VALUES OF Wy AND Rp FOR THE 6190 & CH, BAND FOR THE SOUTH
AND NORTH POLAR REGIONS, THE WEST AND EAST LIMBS OF JUPITER

o - ) I Time | 1_ ' ]Longltude of
of Central
Date sObser— Wb 2 f h@ryg%an
;vatlon % ;A LI ' LII
Nov. 16-17, 1965 h m
N-Polar Region 1745 19.8 0.186 - 3.5°
Mar. 22-23, 1966 h om
N-Polar Region 20h o 12.9 0.151 -- 22.4°
S-Polar Region 21h09m 15.8 0.174 -- 51.7°
Western Limb l8h o 16.3 0.1l64 160.1° --
Eastern Limb 19709 18.2 0.184 186.3° --
Mar. 27-28, 1966 h
N-Polar Region 18h44$ 12.3 0.155 --  354.7°
S-Polar Region 20700 16.9 0.188 -- 4o.7°
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DISTRIBUTION OF METHANE ABSORPTION IN THE 6190 R BAND
OVER THE DISK OF SATURN IN 1966

V.V. Avramchuk

ABSTRACT: Some results are given of an analysis
of five spectrograms of Saturn obtained with

the aid of a 70-cm »reflector attached to a dif-
fraction spectrograph (dispersion of 30 1/mm)

in August of 1966. It is shown that, during

the period of observations, the absorption in
the 6190 A methane band was stable at the center
of the Saturn disk, and equal to 25-27 . az
the same time, the polar regions showed sub-
stantial variations. During the observation
period, the equivalent width for the 6190 2

band decreased from 32-33 to 25-26 A

A number of passages of the Earth and Sun through the plane
of the rings of Saturn were observed in 1966. The periods of
these passages, as well as the periods of visibility of the "night"
side of the rings, are very suitable for studying the disk of
Saturn. TFor this, we obtain the number of spectrograms of Saturn
with orientation of the spectrograph slit along the central meri-
dian and along the equator of the planet.

The observations were carried out on a 70-centimeter reflector
in a Cassegrainian focus (Feff = 30 m) with the aid of the diffrac-
tion spectrograph ASP-21 (dispersion of 30 &8/mm). The spectral
width of the slits was 4 &. Kodak OaF plates were used. The
exposures were 100-120 min. The method of analyzing the Saturn
spectrograms was the same as for the analysis of the Jupiter spec-
trograms [1].

This study contains the results of an analysis of 5 Saturn
spectrograms obtained in August of 1966 with orientation of the
spectrograph slit along the central meridian.

We will giva a brief description of the results obtained.
The figure (a) gives the distribution of methane absorption in
the 6190 & band for July 31-August 1, 1966. It is clearly seen
that the central part os the Saturn disk is characterized by less
absorption than are the middle and polar latitudes. The wvalue
of the absorption for the S-polar region is somewhat higher than
for the N-polar region. During this period, we observed in the
southern part of the disk a light formation which showed greater
absorption than did the neighboring segments.
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The curves for methane absorption on August 1-2 repeat the
cited characteristics almost completely.

A somewhat different nature for the methane absorption along
the central meridian was observed on August 5-6. During this
period, the values for the equivalent widths Wy of the 6190
band for the polar regions were the same as for the center of
the disk. The light formation in the southern part of the
Saturn disk shows the greatest absorption.
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Fig. Distribution of Methane Absorption Along the Central Meri-
dian. (a) July 3l1-Aug. 1, UT 02h3s®™; (b) Aug. 1-2, UT oobus™;

(c¢) Aug. 5-63 UT 00hoo™; (d) Aug. 30-31, UT 23hoom; (0) Light
Formation.
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Two spectrograms of Saturn were obtained on August 30-31.
The results, averaged over these spectrograms, are given in the
figure (d). The distribution of methane absorption is more complex
for this period than for the other periods. As on August 5-6,
the light formation shows the greatest absorption on the disk.

The following conclusions can be drawn on the basis of the
results obtained.

During the entire observation period, the intensity of methane

absorption remained almost unchanged at the center of the disk,

and was equal to 25-27 R; the polar regions shgwed substantial
variations. The equivalent width of the 6190 A band for these
regions decreased from 32-33 to 25-26 & during the observation
period. Although a small number of spectrograms was measured,
these variations are probable, since they follow from the gemneral
nature of the absorption distribution over the central meridian.

One of the possible reasons for the variations in intensity
of molecular absorption in the polar regions of Saturn may be a
change in extent of the polar '"cap'", as a result of which the
linear thickness of the atmosphere over the clouds changes.

As was already mentioned, a light formation was observed
during the entire observation period in the southeran part of
the Saturn disk, and it was characterized by greater absorption
than were the neighboring dark sections. This circumstance can
be explained by assuming that the light formation was situated
at a lower level than were the neighboring regions. This con-
clusion agrees with the results of many years of photometric in-
vestigations of Saturn carried out at the Khar'kov Astronomical
Observatory [2], according to which the light regions are somewhat
lower than the dark bands.

REFERENCES

1. Avramchuk, V.V.: This Collection, p. 126.

2. Barabashov, N.P.: Rezul'taty fotometricheskikh issledovaniy
Luny i planet na astronomicheskoy observatorii KhGU (Results
of Photometric Investigations of the Moon and Planets at
the Khar'kov State University Astronomical Observatory).
Khar'kov University Press, p. 134, 1957.
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THE PROBLEM OF DIFFUSE REFLECTION OF
MONOCHROMATIC RADIATION

E.G. Yanovitskiy

ABSTRACT: The problem of the diffuse reflection
of monochromatic radiation by a semi-infinite
plane layer of a medium, with isotropic scatter-
ing, 18 discussed. A recurrence formula 1s
obtained in order to calculate the terms in the
expansion of the Ambaritsumyan function ¢(n, 1)
for powers of z = VI-\, where A is the albedo
of the particles for single scattering, ¢(n,1)
18 assumed to be known, The case of the simplest
nonspherical indicatrix of scattering is dis-
cussed.

In investigating the diffusion of radiation, it is of parti-
cular interest to study the case of almost pure scattering, i.e.,
the case when, after each act of guantum absorption, its re-
emission in the medium almost always follows. This interest is
due, first of all, to the fact that this case is realized rather
frequently during the transfer of radiation in turbid media (for
example, in the visible part of the continuous spectrum, the
atmospheres of Venus and the gilant planets can be considered as

almost purely scattering), and, secondly, an examination of almost

pure scattering can be reduced, from the mathematical point of
view to a study of the pure scattering of light, which greatly
simplifies the problem.

A calculation of the intensity of diffusely reflected mono-
chromatic radiation by a semi-infinite plane layer of the medium
in isotropic scattering is reduced to the problem of finding the
Ambartsumyan function ¢(n,A) which satisfies the following non-
linear integral equation [17:

i
A Co (v, %)
- ol |\ PR A e
q’)(‘q')\) - 1 + 2 TA?(’?, )‘).) n —f_n, d’] ' (l)

0
where X 1s the probability of gquantum burn-out in an elementary

scattering at, arc cos n is the angle of reflection of radiation
from the layer. At (1-2) << 1,

QD) =1 =V )}y (n) -0 [1, —2] (2)
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I Lk

where
o (1) =@ (4, 1), (3)

i.e., the solution to the problem of diffuse reflection of light
in almost pure scattering is reduced to that of diffuse reflection
in pure scattering (A = 1). Therefore, it is of interest to solve
the following problem.

The function ¢(n,A) is given. We must find the expansion of
this function into a series by powers of

U (%)

where the function ¢4(n) is considered to be known. T
PRINCIPAL EQUATIONS

In addition to (1), the function ¢(n,)) also satisfies the
linear integral equation [2]

1
~ Lo

] Loy,
a(’l)'l”(‘q')‘)=1‘{‘2ﬁ5 AR dv’, (5)
0
where
A il
a(n>::lt—2_ﬁh1l——w' (6)
It is well known that
1
(‘ ) 2 ———e -
a, (}) = )vp (n, ).)dY}:—_:—)\- (=77 )=2L (— tyrem, (7)
(!] ne=0

while the function ¢(n,A) satisfies the following relationships:

1

) (p(T], )\) o
QS‘ l———/c‘q dn =1, (8)

0

where k is the root of the equation, i.e.,

1 This problem was formulated by V.V. Sobolev.
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5 In—— =1, (9)
We should mention that, as follows from (7),
2,
k=V3zL1-5—z *0(2“)}- (10)

Using (7), Equation (5) can be rewritten in the following
way:

ameHN=V1—-1+ S‘P(”’i wd. s

'f‘-——'f‘

The precise analytical solution to (11) can be obtained by the
method of Carleman [2], while, as follows from the formulas
found by V.V. Sobolev [4], this solution has the following form:

( -) Oe"(,)—u)((‘l (‘l——/‘,)
(/e '
(=R (12)
where
R? (4) = 4a* (n) -- =347 (13)
n
o(r) =" farctan dm ) d_ i)
, i

T 2 (7| j b/ —
¢}

Let us mention a number of relationships of the theory of
singular integral equations which we will need in the future.

It was shown in the monograph by F. Triccomi [5, p. 2411,
that if the function ¢(n,A) satisfies (11), then it will also
satisfy the following relationship:

1
Rl (0, N
\ A
J

() 1—7)){[’(77')) 'e—‘”m)= dr
(=) —m) (13)

)
1— ke 2,
0
In deriving (15), we used (12).

_ 2Tl )f;
{0) Pﬂ'
¢ 23 L dy T

0
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Thus, using (7) and (8), we find

Consequently, instead of (12), we can write the following expres-
sion:

In particular, considering (10), we find that

2e%o ()

V3 R() (1 — ) '

Qo (1) =

where the functions Ry(n) and wy(n) are determined by (13) and
(14), respectively at A = 1.

An equation of the type

!
i CF Yy e

aOUDF(n)=JKn)+-§) s (16)

has the following solution [5, p. 2u471]:

. 41 () aq(n)
F ) = 2 8 et
(ﬁ) RU( “)
f('r,'\ 'r,'tlY"

1

"
\ RO@Y (0 )’ = mj e (4)
(4]

“l" Q‘Pl) (7‘) (l '—".’l)_ | (Tfp” (.") ’

where

1_7 ln1 g
J l_n’

ao(v‘):=1~—2

(17)

while the value ¢ is an arbitrary integration constant. Moreover,
it was found [5, p. 2u45] that the function ¢o(n) satisfies the
relationship
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1

4, (M) n'd’ o
R — e+ Qfm T =) =) ~ VS

In the future, we will need the following formula [6,

' 1
d’?' 4"0( ‘) g‘ dT}I
B i A e A L
2 ,YRW =) Ry T T R i)
(1] ]

CASE OF ISOTROPIC SCATTERING

Let us assume that 0 = z < 1,

9 (n V=Y g, (1)

n=

Substituting (20) into (11) and equalizing the expressions in

both sides for identical powers of z, we find that

- 1
Qo (M) Popyy (M) =1 — };_; @y (1) + 5 j (sz )T () dif|

i=1 T‘ -——’7"

"

}

Ay (YJ Pun (71) = - 5 Poin ") ]
et

3.7, )‘dT (/L/n;

It follows from (7) and (20) that

1
; jq)lz (Tl) dn = (— 1)
0

while it follows from (21) and (22) that

. ! \*P." )'—(Pn i) Cegr
a, () {'t‘naz(n) — Py ("-)i = ) i 2 ) s I“r" — e Tt
0

At the same time, we have the following from (23):

1
} q)n{ (7‘ - l’pn ('Q)] dYI '_0
0
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(18)

17u4]:

(19)

(20)

(21)

(22)

(23)

(2uw)

(25)



Using (17) and omitting ¢ with the aid of (25), we find from
(24) that

. 4(7 (n)
(pn+2({l) = {Pn( I)L (f‘) :}

1
0 (1) dn’ (26)

— 29, (n) Y (n>0).

Ve = )
0

Thus, we have found the recurrence formula to obtain any
term of the expansion in (20). As for the function ¢1(n), we
find from

1
1 ’ ,T/
o (1) py () =1+ 2’5(‘)7;7(7‘?)«,% dn’, (27)

using (17), (23) and (18), that
@ () =—V 319 (1. (28)

In particular, it follows from (26) and (28), considering
(19), that

£

(p’('/‘):—i(j/‘ O P T (2a)
v/
%('«)=—g’—d~¢ () — V3w, (30)
where
} d+/
. 1 o
ll(’|) gRU(V') q» 1) (31)

In all appearances, the function u(n) 1s not expressed in terms
of the elementary functions. In deriving (30), we use the follow-
ing, which can be proven:

dl_::[‘
Sv R,(n) (32)
0

Numerical values of the function u(n) are given below:
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1 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
i (n) 0.035 0.054 0.068 0.079 0.088 0.095 0.102 0.108 0.113 0.117
N 0.55 0.60 0.65 0.70 0.79 0.80 0.85 0.90 0.95 1.00
wu(n) 0.121 0.125 0.128 0.131 0.134 0.136 0.139 0.141 0-143 0.145

2Thus, the following formula .is derived from (28), (29) and
(30)~:

¢, M) = {1 — V(L =N [3—2a () (1 — 1) +

¢

+V3q [?,——Sn'-’wnu (n)] (1 — % 40 [(1 = 14} @ (7). (33)

Obviously, using the recurrence formulas in (26), we can obtain
the terms of the expansion of the function ¢(n,A) into a series
by 2 and higher orders.

CASE OF THE SIMPLEST NONSPHERICAL INDICATRIX OF SCATTERING

The formulas given above for a spherical indicatrix of
scattering can be used in deriving analogous formulas in the
case of the simplest nonspherical indicatrix of scattering of the
following type:

Z(Y)_‘/1+X1COST, (34)

where vy i1s the angle of scatter. This Is all the more important
in that we have a dependence on one more parameter here, *j.

According to S. Chandrasekhar [7], the Ambartsumyan functions
¢p (n) and $9 (n) are expressed in terms of the function H(n),
which satisfies the following equation:

Hy=1+10(n) | Ly a, o)

J Y "i— 7‘,

where

V() = A1 x 0=,

V.V. Ivanov also obtained (33) by another method.
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— ]

while

HE=n=pgmTm (37)

Here

1
u\-[r (_,I) d.nl
T =1—2 | (s8)

0

It follows from (35) and (37) that the function H(n), in addition
to (35), also satisfies the following equation:

T(T‘)H(n)—1+n§ TU) gy ) . (39)

0

It follows from (38) and (38) that
T(n)-— W (n)a(n) —x (1 =27, (40)

while, considering moreover +that [7]

{‘ 1 a

Slﬂ(n)‘l’(n)dﬁ=1—tl—QX‘F(TI')d’?' , (41)

0 0

instead of (39), we have the following:

—ur( ) a(v) H () = 1= :/ Hxd - xy (1 =2 () |-

Hu (42)
+ j *‘ = H (i) ol
0

Using the same method as in the case of a spherical indicatrix
of scattering, we can obtain the recurrence formula in order to
find any term of the expansion of the function H(n) into a series
by powers of z. We will limit ourselves to the expansion terms
of power no higher than z3. 1In this case, instead of (42), we
have the following:
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(43)

where

/1(*«):%\2 /3——3),\1 W () 1 (7). (44

Considering (11) and (43), which coicide completely, we have
the following:

J (07 —
a () () — 9 (] = S)UM)—TWJ ’ (45)

]

at the same time, it follows from (41) and (44) that

1
s V3 =V T—=0B—2x),
Shﬁ)d T ! (15)

0

Considering (7) and (8) and solving (45) by the method of Carileman
[3], we find

3 1/
V3—/(' 3——)\11'{] (p(“). (47)

HO) = 7 (1 £ (1 —

In order to obtain the terms for the expansion of H(n) into a
series by powers of z, we must expand the right-hand part of (47)
into a series by gowers of 2 and limit ourselves to terms of power

no greater than 2z

As follows from (42) and (43), the relationship in (47) is
fulfilled all the more accurately when n is closer to zero, which
can be seen from the precise values of Hp(n) given below for
A = 0.95 and 27 = 1, as well as the values calculated according
to (47) (it was assumed in the calculations that the function
¢(n,A) was known):

0 1 0.5 0.1
Hy 21811 1.719 1.2020
Jo 2,879 1. 71%3 1.0023
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Let

Ny = N 0, ()",
11 {n) ey o (1) (48)

Then, considering (10), (28), (29) and (30), after expanding the
right-hand part of (47) into a series by powers of 2, we have the

following:
o (n) = 9o (%), (59)
1‘/1 () =— 1/‘3;_'1'1‘1’0 W), (50)
Hy(m) =10 = x)n— 20 ()] 9o () 7, (51)
I L 3 —3x) r .
Hy(n) = —V3—x 7 [ (3= 2w =03 = x) W - T (1), (52)
As Chandrasekhar showed [7]1, the functions
Q’g(":)z(l — o) 1 (), (53)
@) () = p ol (), (54)
where
c—fﬁ‘m_ilﬁJﬁ
43 ’ (55)
D
p=2 '22‘—‘2)—, (56)
4——)\ X1 %1
1
(57)

@, = SH () wdv .

0

It is well known [47] that the functions ¢O(n) and ¢2(n)

determine the component of the intensity of ragiation diffusely
reflected by a semi-infinite plane layer of the medium for in-
dicatrix of scattering of (34), which does not depend on the
azimuth.

0
In order to find the expansion of the function ¢O(n) and

¢?(n) into a series by 2, we will determine the wvalues for the
moments of the function ¢g(n). We will use the following symbols:
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1
an(l):=5 @ (n, A)7dn,
[¢]

B
alf) = j Pa () 77" .

0

Considering (1) and using (7), we can obtain the following:

x? ?
IAJ( Do () ey, () (2> 1),

T _ b
1’ 1 -—-lazll(l):Qn _‘7 1 +

from which

1 0) g0
=~ \‘ (7-()11 —_‘.=O,
2n4—1* oy b

=1

As is well known [7,9]

2
0) = —-=g (),
@y )/30( )

where ¢g(x) is a Hopf function, g (@) = 0.710), while [8]

1

LI PP (R S
9(=) :173'{”% Ry o () |

It follows Ffrom (61) and (62) that

Using (49)-(52), (62)-(64) and (66), we find that
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(59)

(60)

(61)

(62)

(83)

(64)

(65)

(66)



(80— lhx, + 3% m}~3 o
S e B Ol NI (67)

— 2 5.2 R B
@y = .‘/3 {‘ "_‘1/3 - X'q(r-n)‘ 'k -“)‘ 1 _(3 ..]..)(]—(rn)) Vi =
4 0 () ee?
f
Then,
VAT PR LG NP
P=V 3551 V3—x
+1»0-(3‘ LR "(m)—(3—50’(m>)x.122}z-1—“(Z‘)v (89)
x|y Bg(=)_ z
TVsThl Viox (70)
(Gr] (OO):D{CJ ] 2
%&-f 23 =x,) }JZTO()
Consequently,
n . . 31 _ ‘-’xlq(_)_‘zu(v)}’qz‘—
q)o(yl)_{ " VS;_,XI_.« }"[ _i x, i
37 . [13 .2 (G(] (OO)"‘l)/‘l (71)
—VVE:—T—;[:}QZW kdo_*-q(oo)n n)xl ' 6(3—x1)
——g-»—Q‘f;u (ﬂ):lz”+0(z‘)}q70(ﬂ)'
A S T = e IR
Y ;//3'_};~\ b3 — xy
B =) | naie) — 20 ()
(72)

[1 4 15¢% (e0) — (3 — 5g° (o)) x1i 2 -

+ o0 (Z“) Lo (1) 7 -
)

The spherical albedo of the planet surrounded by a semi-
infinite atmosphere is determined by the following formula [3]
for an indicatrix of scattering of the type in (34):
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!
;o " de

Ay=1-—2 \“ "‘l("l) 9 ()"r‘ = ] —

o]

¢ by (73)
0
Substituting (69) into it, we find that
dz { 3q (o
;‘3—.,\'1[ 1-)-—,\71
r7 g2 — i s
»i‘ ' ! i (:(7 (r'?')' . ] X, Lt L : [ (Z"). ( )
Lo 23— xy) 17

If we eliminate the terms greater than first order relative to z
in (71) and (72), we will obtain the formulas found by V.V. Sobolev

[101].
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BRIGHTNESS COEFFICIENTS OF A HOMOGENEOUS
PLANE LAYER OF A TURBID MEDIUM

E.G. Yanovitskiy

ABSTRACT: Three types of equations determining
the Ambartsumyan ¢ and V funetions are obtained
for the case when the indiecatrix of scattering
proves to be a finite number of terms in an
expansion into a series by Legendre polynomials.
Linear relationships comnnecting the cited fune-
tions are obtained.

Using his probability of quantum yield from a medium, V.V.
Sobolev [1] obtained three types of equations determining the
Ambartsumyan ¢ and Y-¢ Ffunctions for isotropic scattering. V.A.
Ambartsumyan [2,3] found two types of these equations.

In this study, these equations are obtained for the case
when the indicatrix of scattering x(y) can be represented in the
form of a finite number of terms in an expansion into a series
by Legendre polynomials. In this case, we will base our arguments
on the more general relationships obtained by the author of [4]
for a plane layer of a heterogeneous medium, in which the indica-
trix of scattering and the probability of quantum release A are
arbitrary preset functions of the optical depth t. Moreover,
we will find linear relationships which connect the Ambartsumyan
functions ¢% and y¥.

PRINCIPAL EQUATIONS FOR THE HETEROGENEOUS MEDIUM

Let us have a plane layer of optical thickness 1, the upper
1imit (Tt = 0) to which is illuminated by parallel rays falling
at an angle of arc cos ¢ to the normal at an azimuth of ¢5; w8
is the illuminence of the area perpendicular to the incident
rays at the upper boundary of the atmosphere; the probability of
quantum release A(t) and the scattering indicatrix x(y,T), which
are arbitrary functions of the optical depth (y is the angle of
scatter), are given.

We will assume that the characteristic scattering curves

can be represented with a sufficient degree of accuracy in the
following form:

L(¥, %) = i‘x,,.(t)Pm(cosv),. (1)
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where

n4—1

xa(5) = fxn. ) Py (cos 1) sinvdy, (2

0

Py, (cos y) is the Legendre polynomial of »n order.

The brightness coefficients for diffusely reflected and dif-
fusely admitted radiation passing from the layer at an angle of
arc cos n to the normal at azimuth of ¢ are then determined by
the following formulas [4], respectively:

p (7]9 Ca (P): E"m (”’3 (’1 TO) cos m (rp - (p9)1 (3 )
me=0
" nﬂ

o (”n ‘E) (p) = }__:Sm (‘q) gy TO) cosim ((P - ‘0’70) ? (L{- )
m=0

where the components rp and s, of the brightness coefficients
are determined by the relationships below

»

1

P Gm) = N = @ 4 (0 (5)
m [ ('/' -
13 -5
Smn G =, N 0w E e enne” T, ()
ml — 111 s
4]

T
__(1:0—{){”' e )(//

T o ~ -
Fn §org) = N (—1)itm | ey G gy (e

ml=m (-) 7'l’ (7)
. (8)
s 1 1 m ~m g 1 —ﬁ':tdf(
Sm( 5 0 =S— I (/)(P,' (‘:J {) Y,fn (Yh t) e ¢ PR
rn"’”xO da,
while
6m:{2,m=0, (9)
1, m>0
~ m) !
Py (’C)— (T) k()(/i"i"”l)' (lO)

The values rm and Sm are components of the brightness coeffi-
cients for the medium under investigation, which is illuminated
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from below. Moreover, the functions »,(n, £, T¢9), sp(n, z, T0),
rm (n, &, 1p) and s, (n, z, Tg) also satisfy the following system
of integral-differential equations:

dglc—tmgb(“]y+mﬁ (o) 9 Gy w) 9 (0, ), ()
ds n »
”f:C = -S (n, €, o) T - 8 LJ " (<o) D7 (€, %) @ (%),
" (12)
(77'

>dt:’ ==y (0, €, %) (4% +

(13)
’1’5 }_‘(— 1)I+m pr (‘o) o7 (k To) P ("n a)
a?my,z; s(nC)+ Cur (sy) G
= —5 o) i o= l'-m'co i \= To) Y y To)y
o 0 ) o ) b7, Ty) (14)
where ]
o (%) = PP Q) +3,, (= 1)r+m cj P (W, 6, %) PR () o
P (15)
. 1
W Co) =Pr) e € 450 f S (', &, %) P () dn’, (16)
-~ ’ 1
9 (€ %) = PP Q) + (— 1)k+ms_ cj Fa (1 €, %) PE (n') oy, (17)
1]
~ Ty !
) =P T 45, (5 00,6, ) £y () i (18)

0

A substitution of the values for (5)-(8) into (15)-(18),
respectively, gives four _systems of 1ntegral equations to find
the auxiliary functions ¢% %, ¢% and wk, by which the bright-
ness coefficients are also determined.

]
FINDING THE BRIGHTNESS COEFFICIENTS OF THE
HOMOGENEOUS PLANE LAYER

Let us have a homogeneous plane layer in a turbid medium.
Then, instead of (10), we have the following:

b (<) i, (% —-/n)’ (19)

R TRALE=—>

Pk =g M (k- i
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Obviously, if the layer is homogeneous, then the intensity of
diffusely reflected radiation does not depend on the direction
for 4llumination of the layer. In this case,

Pt @) =p (¢ and (v -

(F):O‘ (71,’:.,(?), as Wél]‘ as rm (72, Cv 10):; (T)r Cr Ta)y Sm ('Y" (""'0)"»‘; (’1»

L o or (’i; o) = PR (m, %) and 7 (4, <) = G (n. 7).

Equations (11)-(14) are then rewritten in the following way:

or 1 & ; -
gat=g (= 1) o (3, 5) 97 (7, %), (20)
b=m
d%,c . . 1A e
('j{o"’? = —Su(n % )L+ S; l B o (%, T0) 9 (1 7o), (21)
i=m
S = = %, %) (13 e 3 (= D b7 G ) 9700, 70
a,co m\'f 2y ‘0 i am/—J (,‘ q’,‘ s 0) (Pi '} TO}r
t=m
(22)
‘z‘iﬂl C_ ¢ 1 \% M A
aro TG = _—Sm (7]7 ’ To).rl + "5-’_”‘;4, l"’[ (p;‘ (l‘-O TO) (1)71 (Tl) 10) ] (23 )

i=m

while instead of the four relationships of (15)-(18), we will have

only two:
1

Il

Oy m0) = PR (= 5B 0, ) PR ()

(24)

J

—

T

D ) = PR e © 80 s, (0, %, 5 P () o (25)

@y

1. Let us equalize the right-hand parts of (20) and (22),
(21) and (23). As a result, we find that

Fis , G, ) 1, T — b e
Pt Gtg) = Ny BT G T BT R TR (26
Mfmtn Y | L
" mit N Y ~ Y -
5 (0 G, co)__.al N 2 o) P (, uo;—_—(pé"'_(_v_.,fn) ) (27)
Micm n—

Substituting (26) and (27) into (24) and (25), respectively, we
will obtain a system of integral equations in order to find the

functions ¢2(C, T9) and YLz, Tg):
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Lk

n
P Comad = PR -0 X (=1 e X

imm

X\S“?z (71 To)'i’; (‘*v o) _4)1 (', = o)u t, w)
0

RN

Pr(dy,

b = PROE 1Y up X

1
X Y‘ﬂf@’ ) 4 (', %) — 9 6 ) o) .
. T —

0

i=m

We find from (5) and (8) that

T

1
O &) =y N = (g, 4p (s, 0%,

0

v ~ et
S (T = %) = 5 \‘zﬁ"g3,(21)m?(w.we‘77‘“ﬁ
f

Substituting (30) and (31) into (24) and (25)
following:

we

(P,T(C o)'—P ()‘t—

n To ,‘]
+ X (— 1)i+k pre\ wm(, £ dt A po (.,‘,)dfq
{=nt . . ‘ 71, ’
0 0
D (O B L (8 PRI
" > Ta- 1 !
A4 3T pmd b

[ 5 e > l,"/
)G de Vet 00z ()
: "

]

3.

Equations (7) and (8) are written in the following way
for the homogeneous medium

1
V'm (Y‘v ('v 10) = 3
m

n B . 1 ]
' —(t—f) | - 1 df
}j(—1>'+mm§rp'"< N, e 0l

i~-m

Uy

¢ - rhdr
Sm(mhw) =5 Y u?'ﬁmf’ﬂ, £ (n, e 2T
m

lem

. K
0

A substitution of (34) into (25) and (35) into (26) results
in the following equations

gg (8 ) = P (2) +

Ta 1
¢ . et 4 _ Tt g
+ }: (——DFmpmyor (S, tye © df j"(p;" (', Pr(nye W ‘_i+"7,
T==11 6 s

(28)

(29)

Iin the homogeneous case,

(30)

(31)

obtain the

(32)

(33)

(34)

(35)

(36)
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LT " ;o t
e =e [ PEO+ Y P{"jl(p;" Gty dt X

d/‘ _E .
J' (37)

xS o (i, ) P

Expressions (26)-(29) were first obtained by Ambartsumyan [5]
for a semi-infinite medium in anisotropic scattering, and by
Chandrasekhar [6] in the case of a medium of finite optical thick-
ness. Ambartsymyan [2,3] obtained Equations (26)-(29) and (30)-
(33) for isotropic scattering, while Sobolev [1] derived Equations
(34)-(37); as was already mentioned, Sobolev obtained all the
equations (26)-(37) very simply (for isotropic scattering) on the
basis of his probability of quantum yields from the medium.

Here, we have_ found all three types of equations for the
functions ¢% and ¢%, for the arbitrary indicatrix of scattering
represented in the form of (1), as a particular case of the more
general equations obtained for the heterogeneous medium.

LINEAR EQUATIONS CONNECTING THE FUNCTIONS
¢% AND w%

It is easy to show that useful relationships connecting the
functions ¢k and wk follow from (28) and (29). Let us use a re-
currence formula for the associated Legendre functions

N —m - l k %nz
PR = 2k-+ U PR ) g PR O (38)
Considering that
&
TSN
and substituting (38) into the integrand of (28), as well as
introducing the symbols below
oni_fq,‘ (7‘P (T)d‘f“ (39)
?%‘1§w7@)Pfﬁvdn, (40)
0

we find the following
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er () =Pr )+ \‘(—1)“%"' (o7 () o — (B —

i=m

7 : 4 m (> hm 4 m (&
J— Z (__1 )i+kp_:_'n S'@A (n“)‘gl—(‘:?q,:;_—fé (7) ) q)i (L) PZ, ('f“’)'r‘,dr[’ —

0

= PR N (= D oo () —pr by ()] -

{=-m
1 1 fe—m |- 1
. \ ik by m T L
| hm( D g T e X
P (’r’ () — oM () ¢
XJ l)‘P T)‘f i (’)P—_S_) lzn(*ﬁ’)dq -+
V-
v
15 iy
4 N 1y k- 1 < T‘”Lc
iam( ) 2/€~1—1 X
7 'r') t W'y b (%)
yij”l Rk (: ﬁ-g’ St};’m()PQI(nﬁdnﬁ (41)
0

Using (28), we ultimately obtain the following, instead of (41):

it e 0 —erar AN
=08 (= e g 46 — ager @ (42)
In a similar way, we find from (29) and (38) that
et e —y O+ 4p ) =
={ \r}’ (= D Brem (L) — am om (0)]. (43)

A
i=m
We should mention that the values o 7and g7 ik are connected by

the following relationships:
1

e | PREOPE () g X R (R — ()
(') i=m

This follows from (28), considering (39).

In a particular case when Xk = m = 0, n = 1 and 79 = ® ,
have the following from (42):

we
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8
(] T a?«)
\ oo -

WM = e Tt O,

b () *C‘()n (45)
i.e., we obtain the formula which Ambartsumyan found [5].
It follows from (44) that
2 r
— by —
a?o 7)\;1]"] 00_" (2“)_1 (46)
Substituting (46) into (%5), we find that
/ A
KI —" on)(P ( )‘
: (47)

¥ = —— T
1—]/1X1[1 1 (un)

Consequently, the function ¢1 (z) is completely determined
b% knowing the function ¢O (z), and the inverse. The function
(z) can be found regardless of the function ¢1 (z) by solving
the linear integral equation obtained by Sobolev [3, p. 148].

In the general case, for any fixed m and n, as follows from
(42) and (43), any of the functions for ¢m (z) (there will be
n - m+ 1 in all) can be represented as a llnear combination of
the remaining (n - m) functions. Obviously, this also holds for

the function ¢% (z).

In u81ng (42) an% (43), we must keep in mind that ms k £ n -
1 and ¢ (n) = 0, ¢_; (n) = 0. These identities follow from

(38) an§ %rom the fact that

Pl/§+1 (m)=02k+1) % (7).

Thus, the relationships obtained (42), (43) and (44) may
prove to be useful for a numerical solution to the system of
integral equations determining the functions ¢z and w%.
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COUNT RATE METER (CRM)

0.I. Bugayenko

ABSTRACT: The schematie diagram of a count rate
meter which measures the statistical frequency
of signals admitted per unit input of the trig-
ger, with Poisson distribution of the intervals
between pulses, 1s described iwn this study.

When working with a photon counter, there must be preliminary
information on the intensity of the measured signal. An industrial
CRM of the "Tyul'pan" type (ISS~3) is usually used in order to
determine the requisite storage time and to select the scaling
factor of the channels. Unfortunately, this instrument operates
rather reliably only under laboratory conditions, while it must
be rejected when used in a device intended for operation in open

air.

The schematic diagram of a CRM (figure) measuring the stat-
istical frequency of signals n per unit input of the figure, with
Poisson distribution of the integrals between pulses, is proposed
in this study. A periodic signal fo is admitted in the zero in-
put. The on-off time ratio & is determined as the ratio between
the time the trigger is found in space "1" and the total observa-
tion time:

_ AY
§= Ty 40T e
rT (1)

7
Obviousl at = =0 £
Yo 7o

1

0 (the trigger is 1iIn the "0" state the
entire time), while for ?O > @ + 1. Consequently, the function

£ n is of a sharply defined nonlinear nature and, as will be

o

seen below, has a form close to logarithmic in the operative range
of measured frequencies. The later circumstance iIs very convenient,
since it allows us to carry out measurements in different parts of
the scale of the output device with identical relative error.

In order to determine the appearance of the function £ (Z,T)
where 7 = i , we must find the distribution function F(Z) of the

o

random value £, i.e., we must find the probability of an event
where the on-off time ratio is & in an arbitrary interval [0,T].

Considering the principle of stationarity of the process
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&
r————

¥

(Poisson) under investigation, we can limit ourselves to a deter-
mination of the function F(E) per unit
interval T. 1In this case, we have two

. b ] SFG mutually exclusive situations:
_ (1) No pulse arrives in the time
r"};;ﬂ“;;— 1 interval T; the probability of this
2L L R ! situation is equal to e~"I, Then £ = 0
i S P
\Rm - | and
\Rm - L LS

F(0) = e— 7T . (2)

Fig. Block Diagram of
CRM. (Tp) Trigger; (SFG) (2)
Standard-Frequency Pulse
Generator; (RM) Device
Measuring the On-0ff
Time Ratio of the Trig-
ger Signal; (S5) Smooth-
ing Capacitor; (u4d)
Output Device.

One or several pulses are
admitted in the interval T, while only
the first pulse changes the state of
the trigger. For a particular case,
let us determine the probability of
admittance of the first pulse in the
interval [¢t, ¢t + dt], where 0 = ¢t < T,
The probability of absence of a pulse
in the interval [0,2] is equal to e~7<,
The probability of appearance of a pulse in the interval dt is
equal to ndt. The unknown probability

dF (3) = ne = dt, (3)
while by definition
E=trt=i g (1)
so that
dF (8) = — Tiie — 0=877 (5)

Thus, the distribution function F(Z) is determined complete-
ly by (2) and (5).

Let us introduce the function
f(x)=5e“"“d1~“(z_). (6)

It is well known from the theory of Fourier transforms that
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R

=1/ OF—1"O) (e)

where T and EZ are the mathematical expectations and deviance of
the random value &, respectively.

Substituting (2) and (5) into (6), we obtain the following:
!
frlx = \J nTe=0 DATHEY g2 4. onT+ixd o [ To= 1T (@R T4ix_ 1) 1.
i (9)

e T,

Equation (9) corresponds to the function of £ per unit interval
of T.

If £ is assigned to an interval of mT, and considering that
the values of £ are independent in each unit integral, then we
find the following according to the theorem of the characteristic
function for the sum m of independent values:

S or COy=F (x) = WTe="T(en THix 1} | - nTim, (10)

Substituting (10) into (7) and (8), and considering that
0 £ £ € 1, we find that

_ ! =

Ezl—':["”’(] 4 )‘ (ll)

v o Vlme T —anTe (12)
VmnT

Graduation of the scale of the output device is carried out
according to (11), while the root-mean-square measurement error
is estimated according to (12). Differentiating (11), we obtain
the following:

dn nT
R . S— 13
ndt  1—e "7 (1 nl) (+e)

Assuming tha’c"\lm-g2 + dg, for m - @ we find that
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V/Eiedg,npu M —> 00 HMeeM
b __V1—e 5T —guTe—nT (14)
n (1 —e i pTenT)

If € is the error in reading the output device, due to the
degree of accuracy and the parallax for reading the indices, the

total relative error in measuring the values n 1s equal to the

following:
Voo [T ((FE] VAo T e Ty
n nde (1—e " —nTe="T)Y m

Values of Z, ﬂ T2, Q m %%§— , and V m é% calculated ac-

cording to (11)-(1l4) are given in_the table. For an example, the
table also contains values of [/ §2 for the case when e = 102 and
m = 103 (the value of ¢ corresponds to the degree of accuracy of
1.0 usually assumed for the instruments; at m = 103 both components
of the total error are of one order), as well as the relative root-
mean-square fluctuations in flux with intensity of n for a timel

of 1037. For lower m, the difference in errors for /8§72 andy™

mnt
is less, although the errors themselves naturally increase. Con-
sidering the purpose of the instrument, an error of 5-10% may be
admissible. Relative frequencies nT from 0.4 to 10 can be measured
with this accuracy in a single range of the output scale. Thus,
the interval of measured frequencies from 40 Hz to 100 kHz can
be spanned by three ranges with reference frequencies of fo = 100
Hz, 1 and 10 kHz. The stability of the frequency of the reference
generator SFG should he no less than 1%, which is easily realized
in practice. The time for averaging mI in the CRM is given by
the time comnstant RC of the integration circuits of the on-off
time ratio meter. The optimal value {(from the point of view of
obtaining the greatest accuracy for a minimal averaging time) is
m = 1000, i.e., for the cited standard frequencies the value RC
is equal to 10, 1 and 0.1 sec, respectively.

_ dn — An - - ——
nr . § l V . = Vm 22 V& | YV onr %
: _ R e

0.1 0.049 0.17 21.2 3.66 24 10.0
0.25 0.116 0.25 9.46 2.40 13 6.3
0.5 0.213 0.32 5.54 1.77 8 4.5
1.0 0.368 0.36 3.78 1.36 ) 3.2
2.0 0.568 0.33 3.37 1.12 5 2.2
4.0 0.755 0.23 4.40 1.02 S 1.6
10.0 0.900 0.10 10.0 1.00 10 1.0
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In deriving (11), it was assumed that the trigger has no time
lag. Actually, the speed of response of the trigger is limited

to a certaln limit fregquency flmf %— . In this case, instead of
(11) we have the following:

t 1 P L T

= __T)e Tarterioe) (16)

For nt < 0.1, we have the following:

E—_Er = /It (1 _;‘) = a?iu

where a is the constant for the given measurement limit. The
correction for the time lag of the trigger can be disregarded
if the condition nt < 0.01 is satisfied.
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AN ELECTROPHOTOMETER FOR LOW LUMINOUS FLUXES

L.A. Bugayenko, 0.I. Bugayenko, V.D. Krugov
and V.G. Parusimoy

ABSTRACT: A device intended for automatic deter-
mination of polarization components with a two-
channeled instrument investigating low luminous
fluxes according to pulse counts is described.
The device is made of transistors.

The instrument intended for polarimetric and photometric in-
vestigations of low luminous fluxes by the method of photoncount-
ing operates on two regimes: the regime for measurement of the
polarization (polarimeter) and the regime of a two-channeled photo-
meter. It consists of two principal measurement channels I and
IT, of one auxiliary channel I, which is used for automatic deter-
mination of the polarization components, and a time-reading channel
operating on a quartz-crystal oscillator. Interaction of the
channels is accomplished through the control units of the instru-
ment., The maximum speed for counting pulses distributed randomly
in time is about 200 kHz. The resolving time of the input instru-
ments is no less than 10~/ sec. The sensitivity of the amplifiers
is about 1072 V. The electronic clock allows discrete assignment
of the time for storage of information from 1 to 900 sec with
accuracy of 0.01 sec. The information stored in the counters and
the indices of the time meter are transferred to the number printer
and duplicated in binary-decimal code with neon lamps. Moreover,
preliminary information on the measured flux can be obtained from
the count rate meter [3], which is connected to either of the prin-
cipal channels. The entire instrument is made completely of semi-
conducting elements., The radiation receivers are photomultipliers
which are sensitive in the spectral range of 0.35-0.8 u.

Let us present some géneral concepts which determine the prin-
cipal characteristics and structural features of the instrument
under description.

Let a luminous flux with intensity of m photons per second
be admitted on the cathode of the photomultiplier with quantum
effectiveness of y. The average number of photoelectrons (mathe-

matical expectation) recorded in the form of pulses of the photo-
multiplier current in a time of # is then equal to the following:

N = myt = nt, (1)

where 7 is the statistical frequency of the pulse signal.
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Since the pulse signal sent from the photomultiplier has a
timg.distribution similar to the Poisson distributionl, the variance
in §2 is equal to the number of recorded pulses N. The relative
root-mean-square error of a single measurement is

| i

G = NF==}fN‘ (2)

It follows from (1) and (2) that, to measure a luminous flux with
intensity of 7, we must record no fewer than 1/82 pulses, while
the time for accumulation of the pulses is

i

[ 2=
s

The above relationships are valid only for recording systems
with no time lag. For the actual systems, a short recovery time
after the effect of each recorded pulse on them is characteristic.

Let T be the resolving time of the input systems in the counter.
The expressions for the mathematical expectation and variance are
then determined in the following way [1]:

N _ &t (3)

— (4)

where Nt is the number of pulses recorded, from the total number of

pulses nt. Expressions (3) and (4) determine the measured number

1 The Poisson distribution is described by the expression

. --nt
PUL0=ETV0 where P(n,t) is the probability of incidence of n

a0
pulses in the time interval ¢. For the Poisson distribution, the
dispersion is equal to the mathematical expectatlon-X,MPUL”:_AHPMJ)=M_
ha :

3

-

-4 n=0

For the photomultiplier signal, the dispersions in the Poisson dis-
t?lbution are caused mainly by two factors: variation in the transit
time of the electrons during multiplication in the dynode system
§nd, as a result, impossibility of recording pulses with a short
interval and feedback into the photomultiplier in the counting
r?gime (optical and ion). The Ffirst factor imposes a fundamental
%lmit on using the photomultiplier in the regime of photon count-
ing; the latter are the results of the structural and technological
imperfections of the photomultiplier and appear in substantial
amplifications of the dynode system.
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of pulses and its variation. In practice, we must know the true
intensity of the signal » and its relative root-mean-square error
0.

N':

o= —

f—N=~ (5)

l

<l

Differentiating Inn by Nt, and assuming that \/02 = ANt at ‘/NT >>
l, we find that

]—
VN (6)

Thus, the relative root-mean-square error in the value n
depends only on the number of pulses recorded by the system, and
does not depend on the resolving time.

An important case in practice is that when a noise signal
with intensity of np acts together with the measured signals
(background of the sky, dark current of the photomultiplier, etc.).
Since both signals have a Poisson distribution, their mathematical
expectation and variance are summed up:

Ny=N4|-N
I/l 4 7
- R
g = ———=
VN
The requisite observation time is
. n
+ n (8)

The errors examined above are due to the statistically random
nature of the measured signal, and do not include errors connected
with the experimental condition (instability of the atmosphere,
guiding accuracy, change in amplification of the photomultiplier).

Let there be a polaroid-analyzer rotating at an optical angular
frequency of w = 27f in front of the photomultiplier. We are ex-
amining a luminous flux with average intensity of ng, magnitude
of polarization of P and plane of polarization of o, starting with
the conditional zero. Since the probability of penetration of a
gquantum with orientation of y to the polarization plane of the
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analyzer is equal to cos? according to the Malus law, the intensity
of the pulse signal is a function of the time:

:/w==n°[14-Pcos@#—kan. (9)

Let the time for accumulation of the signal be equal to T and a
multiple of the value %, i.e.,

nm .
T = =mT

= "

where m 1s the number of revolutions of the analyzer (at m > 100,
the condition of multiplicity is not essential). The following
number of pulses, on the average, is then admitted in a time of
T into the measuring system:

K",:Tn,, (10)

If the system has time selection, and for time intervals of [(k-1)

2k - 1
Ty —5
interger and 1 < k £ m, the admitted pulses are added, while for

2k

the intervals of [~——é—i-T0, kTol (second halves of the periods),

the system operates on subtraction, then as a result the following
statistically mean value is recorded:

Tol (first halves of the periods), where k¥ is an

- 2T N
Ny=— _ﬁ‘?psm a, N“- = ——2 Psina, (11)
T N, =
Similarly, adding the pulses for intervals of [2X m - 7o, 2k4+ = 7o

(the same as for N;, but with a shift by %0 and subtracting for the

intervals of [gk—$~£ To» ik—$—£ 791, we obtain the following:
N,
= — 2 peosa. (12)
N, W

The signs of the values ¥; and N, characterize only the quadrant
in which the angle o is found, and are determined by the selection
of the initial plane of reference. Therefore, when it is not
fundamentally important, we will disregard the signs of N; and V,.
Expressions (10), (11) and (12) were obtained by integration over
t of (9) within the corresponding limits.

Actually, we have substituted (9) into (1), assuming that
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the time ¢ in (1) is differentially short. The validity of this
substitution will be proven when we calculate the variance in the
values Ng, Ny, Ny,

Let us divide the interval Ty (the time of one optical revolu-
tion of the analyzer) into I equal intervals 6. The number of
divisions can always be selected as sufficiently great for the
n¢ in the interval 6 to be independent of ¢.

Let f(y) be the characteristic function of the Poisson dis-
tribution and

fn= E enp(n, 9) —enee? —1

n=0
Then for the k-th interval (0s %k <71 - 1)

S () = e [14+P cos(wre+ay (¥ —1 . (13)

Considering the mutual independence of the arrival of pulses
in the integrals of 8 and the property of the characteristic
function for the sum of independent events, we will find f(y) for
the interval Ty:

-1
Jr,(n = I-i e"o [(1+P cos (084 a)](ely —1) .
k0

(1n)

Let m be the number of revolutions of the analyzer. Using
the same property of the characteristic function again for the
interval T, we find the following:

fT (y) = emn,T (,:i)' ~1) . ( 15 )

The mathematical expectation of N (average significance of
the random value) and the variance §2 are comnnected with the
characteristic function by the following relationships:

v=1ro, (18)

B = [/ O — /). (17)

Differentiating (14) twice and substituting the results into
(15) and (16), we ultimately find the following at y = O:
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v -
1\/0 =N,

This coincides with (10). We also find the root-mean-square de-
viation, i.e.,

V& = VT, (18)

Thus, the harmonically modulated signal in the interval T
behaves in the same way as a signal with intensity of ny dis-
tributed according to the Poisson law, which also follows from
a comparison of (12) and (15).

Carrying out analogous operations for the first and second
half-periods in m intervals, subtracting the mathematical expecta-
tions and adding the dispersions (the signals are independent and
distributed according to the Poisson law), we have the following

for Ny:
o A
Ni=n (‘)Psin(a—-‘L COSeC —
e 7 ) 2 (19)
Vg =V T,
At O~
t <L »

- 2 _ .
N, = NPsina,

which coincides with (11).

It follows from (19) that the absolute root-mean-square error
in measurement of the polarization component does not depend on
the magnitude of polarization or the angle a.

Let us examine the problem of the effect of the resolving time
of the circuit on a determination of the polarization components
P sin o and P cos a. For this, we will substitute (9) into (3),
on the assumption that T >> 1, and integrating from 0 to 27, we

obtain the following

o
Now = ~ L \ (20)

1 e e — -
T ( V{+ /l(,t)z—«(n,;l’)"/
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7

We will find Ni. as the difference in integrals with limits of
[0, 7] and [7,2 =]:

Tparctan ;fr&ffﬁg“ S
Wi — 2 A g — (e )2
1t P < l/(l iR ,Lo','r)z"____ (}lo’;]))z

Disregarding orders of magnitudes of (ng )3, we find that

N 2 Psina
7\/01—7? Lt g 1_{)2) (21)
’ 2
p2
For values of P < 0.3, the term 7 can almost always be disregarded.

Similarly, we have the following for the component P cos a:

N')':N 2

P cosa

= —_— . “'_72 -
No- T I-/lot(l——5—>
D

(22)

In measuring low luminous fluxes, the magnitude of the dark
current and the stability of the noise level of the photomultiplier

are substantial. This problem, as well as the problem of the amp-
litudinal distribution of the photomultiplier pulses, are examined
in detail in [2]. We will merely mention that the best examples

of photomultipliers are those with clearly pronounced computing-
characteristic panels and with a ratio between the magnitude of
dark current in the direct-current measurement regime and the
number of pulses recorded in the regime of photon counting during
measurements under comparable conditions which is close to unity.

The initial photomultiplier regime 1Is selected at the middle
of the computing-characteristic panel. Obviously, the photomul-
tiplier should operate with least possible amplification, and the
latter should be compensated in the recording part of the photo-
meter. The pulse amplitude at the photomultiplier anode U depends
on the amplification of the dynode system M and the total capaci-
tance C acting in the anode circuit, i.e.,

el

=c (23)

r

Here ¢ is the electron charge.
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Expression (23) is valdd if the time constant of the amnode
circuit is much greater than the duration of the pulse of the
anode current.

The sensitivity of the signal amplifier of the photomultiplier
should be such that pulses with amplitude a factor of 2-3 less than
that calculated according to (23) can be recorded reliably. Modern
multipliérs allow us to obtain amplification up to 5-108%. The
capacitance acting in the anode circuit usually does not exceed
10"'1F. The average signal amplitude is then obtained according
to (23) as about 0.1 V. The discrimination threshold of the input
amplifiers is less than 0.01 V in the instrument being described.

As has been shown [(2), (6) and (19)], the relative root-mean-
square deviation in a unit measurement both in the photometric
and the polarimetric regimes depends only on the number of pulses
accumulated in the counter. For most polarimetric problems and
in some cases of photometry (for example, when the noise-to-signal
ratio is 55/n > 1), the measurement error should not exceed 0.1%.
Therefore, we can determine the requisite capacitance of the counter
from (2). In our instruments, the total capacitance of channels
I and IT is equal to 1.024°10°%, while the three high-order decimal
digits, which are also transferred to the printing device, bear
the useful information. On the other hand, using the lowest
luminous fluxes in a measurement with statistical error of 6%,
we can find from (2) the requisite number of recorded pulses as
28 and, assuming that the absolute root-mean-square error (2%) is
equal to the scale of the digits not recorded, we can find the
minimum capacitance of the channels as 1.6-10%.

An important advantage of the method of photon counting is
the fact that the method itself does not impose any fundamental
limitations during measurements of arbitrarily low fluxes. The
sensitivity threshold is due to the magnitude of the noise signal
and the admissible time for accumulation of the signal, which
should not exceed 15 min according to different theories. On the
other hand, in measuring relatively high fluxes the threshold be-
comes the resolving time of the input devices of the instrument.
In designing the instrument, we took a limit capacitance for read-
ing statistical signals at a frequency of 200 kHz for resolving
time of 100 nsec. Thus, considering a measurement of signals with
intensity of 10 pulse/sec to be possible under advantageous condi-
tions, Wwe will mention that the instrument allows us to carry out
photometric studies of luminous fluxes in a range greater than
10 stellar magnitudes

The transition from the photometer regime to the polarimeter
regime is carried out with the aid of a tumbler switch which
generates the corresponding potentials. The latter carry out the
structural rearrangement of the flow chart.
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It is more convenient to begin the description of the block
diagram with an examination of the function of the design of the
instrument in the regime of the two-channel photometer, (Fig. 1).
Channels I and II, and the "clock" channel are used in this
regime. The first two are completely identical and are intended
for synchronous measurement of the intensity of luminous fluxes
admitted from the two photomultipliers PM-1 and PM-2. The PM
signals are amplified by the pulse amplifiers, formed in terms
of duration and amplitude, and sent through the control gates
G; and G, to the counting channels, each of which consists of
three groups of counters (FM, 0C, C) and the overflow bit. The
counters C-I and C-II are the principal ones and are transferred,
together with the overflow bit, onto the printer. The third
channel carries out the function of the electronic clock assigning
the time for storage of the measured signals. The reference fre-
quency of the timer is produced by a thermostated quartz-crystal
oscillator with pulse frequency of 72 kHz. This signal is sent
to the frequency divider with overfill coefficient of 720. The
frequency divider has outputs of the following frequencies: 24,
12, 2.4 kHz:; 800, 400, 200 and 100 kHz, which are used in differ-
ent parts of the instrument. A frequency of 100 Hz is sent through
the controlled gate to a 5-bit decade counter (timer unit), the
three high-order decades of which are the principal ones and are
transferred to the printer. The frequency sent to the input of
the principal decades depends on the position of the three-position
switeh (100, 10, 1 Hz). Moreover, the coincidence circuit which
generates the output pulse for the count stop upon realization of
a code in the decade which coincides with the code of the key-
actuated time selector (from 0 to 9), operates together with the
high-order decade of the timer. To obtain preliminary information
on the measured fluxes, the instrument design includes an RCM,
which is connected to any measuring channel (with the aid of the
switch). The reference frequency, in units of which the RCM is
graduated, is sent through the band selector from the frequency-
divider unit.

The instrumental circuit operating in the photometer regime
is phased in the following way. In initial state, gates G;, Gao,
and G3 are closed. The "start" pulse changes the state of the
stop trigger, which opens the gates to the counting channels and
the timer gates. A reset pulse is generated at the same time,
and the C-I, C-IT and timer units are reset to their original
state. The counting in the channels is carried out until the
arrival of the stop pulse, which is produced when the preset surge
time is reached (the signal is sent from the timer unit) and there
is overflow of one of the counters (the signal is developed accord-
ing to the sign "1" of the overflow bit of the corresponding
counter). The halt can be accomplished manually with the "Stp"
button. The stop pulse resets the stop trigger in its initial
state and develops the pulse which turns on the printer. In the
instrument being described, there is a printer of the BZ-15 type,
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which records eleven-bit decimal codes with parallel input.

In  ——Start
W;EEJ PRout
PM- Gyf—= FM-I oc-1 c-1 |- +Hsrc-I
g Istr.b. Tel ]
st | Ist.p
Istr.pr.”® rist
p oPRlL‘-I Tey
— [T71¢
‘PMjII é G FM-II—{0C-1I1 C-I1 - 4
o, g - IstC—II
e
PRout
————o
Qo =] BC pro Gy D, " ﬂzro__l’ Clock
' — Hz i Ist.clk.
FS ES
PPA-I
o
RCM PPA-IT
. o
Fig. 1. Schematic Diagram of Instrument Operating in Photometer

Regime (PM-Photomultipliers; PPA-Photomultiplier Pulse Amplifier;
FM-Flow Meters; C-Decimal Counters; Tst-Stop Trigger; PR-Printer;
Q0-Quantizing Crystal Oscillator; 72 kHz; FD-Frequency Divider;
RCM-Rate Count Meter; FS-Standard-Frequency Selector of the RCM;
ES-Exposure Selector; I-Pulse; P-Potential; D;-II and Dy,-I-Prelim-
inary Timer Decade).

The timer indices corresponding to the selected storage time are
recorded in the 1l1-th, 10-th and ©8-th bits if the stop takes place
according to the signal of the timer unit, or the time interval
before overflow if the halt occurs with overflow. The state of
the overflow bits is recorded in the 8-th and 4-th bits. The
indices of units C-I and C-II are recorded in the 7-th, 6-th,
5-th, 3-rd, 2-nd and l-st bits, respectively.

During operation in the regime of information read-out, 10
pre-count pulses generated synchronously with the rotation of
the digit drum are sent from the PR, while the digits pass under
the printing hammers in reverse order. The pre-count pulses are
sent simultaneously to all of the bits of the units C-I, C-II
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Fig. 2. Block-Diagram of the Instrument Operating on
the Polarimeter Regime. (A) Polaroid; (SM) Synchronous

Motor; (PA) Power Amplifier; (G) Gates; (OB) Overflow
Bit; (IB) Inversion Block; (FM-I), (0C-I), (C-I)
Auxiliary Polarization Channels.



and the timer, and are printed. The connections between decades
are blocked by the stop trigger. The output pulses of the decades
and overflow bits control the corresponding PR-hammers. If the
number a is written in a given bit, then the output pulse appears
in the k-th pre-count pulse where g + k = 10. Since the k-th pre-
count pulse corresponds to the (10-k)-th digit of the drum, the
number g is written out in the given bit. After read-out of the
information from the PR, a pulse is sent for termination of the
printing. This pulse generates the- "start" pulse through the
tumbler switch Tor the regime of "Automatic-Single" measurements.
For single measurements, the "start" pulse is sent to the stop
trigger through the "start" button.

The principle of harmonic modulation by the analyzer of the
polarization component of the emitted luminous flux and subsequent
synchronous two half-period detection of the signal with arbitrary
initial phase underlies the method of measuring polarization in
the instrument being described. In this case, the orthogonal
components of the polarization vector are determined dirvectly.

A block diagram of the instrument operating on the polarimeter
regime is given in Figure 2. The polaroid analyzer- -is put into
rotation by a synchronous motor, the voltage on which is supplied
through the power amplifier from the synchronous detector. The
amplified PM signal is sent directly through gate G; to the input
of Channel I and through gates G, - Gy, which are contkolled by
the synchronous detector, to chanmels I and II. Channels I and
IT operate in reverse phase. A direct count is made when_ the
gates Gy and Gg are open, and a reverse count when the gates Gy
and Gy are open. The time diagram vepresented in Figure 3 illust-
rates the operation .of the synchronous detector.
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] ] ] i i
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- i | i i TeP
o 5 { t {
i | g ; f , 16
P A
s i b { ]
i ra i H H el
i i i i 1 i =7
! i | ! ! i -
Fig. ¢. Time Diagram of the Operation of the Synchronous

Detector. (T - Period of Optical Modulation.of the Signal;
the Rectahgles Correspond to Time Intervals When the Correspond-
ing Gate is Open).
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As can be seen from Figure 3, the gates to each channel are
antiphased. The time shift between channels is equal to w/2.

Let us examine the spacing of the instrument operating on
the polarimeter regime. We should mention that, to simplify
reading Figure 2, we do not show the circuits for start, reset
and information read-out on the PR. There effect is identical
in both instrumental regimes.

The counting is stopped by the sign of loading of Channel T,
in which the entire signal sent from the photomultiplier is stored.
The timer channel records the time interval during which the signal
was stored in Channel I. The scaling factor of Channel I is close-
ly connected with the scaling factors of Channels I and II and
selected so that the polarization vector components stored in
Channels I and II are expressed in units of the average signal
intensity. In the polarimeter regime, the overflow bits fulfill
the function of sign bits of the corresponding polarization vector
components. The negative numbers in the binary-decimal counters
are recorded in a supplementary code. Therefore, before printing
out the negative number, it must be converted into direct code.

The conversion is made along the following scheme: "supplementary-
reverse-direct" code. To convert the number from the supplementary
to the reverse code, it is necessary to add one to each bit of the
counter, except the low-order one, on the condition that zero is
not in the preceding bit. The connections between bits should be
blocked. Conversion from the reverse to the direct code is accom-
plished by replacing the code of each bit by its complement up to
ten. The numbers 0 and 5, which have identical representation in
the reverse and direct codes, are not inverted (for example, a
negative number in the complimentary code of 940, in the reverse
040, in the direct 060). The inversion operations are carried

out after the dark pulse and are terminated before the arrival

of the first pre-count pulse of the PR.
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Fig. 4. Photomultiplier Pulse Amplifier. (T; - T3) Triodes PL1B-B;

(D7) Tunnel Diode ZI301-V; (D,) Diode D-12; (a;,2Z7) Input; (b;) Out-
put; (PC) Pulse Converters, Ry, Rg, K105, Eiy4s Higs Fpp = 51 kOhm;

R, = 110 kOhm; R3, Rjg = 510 Ohm, R, = 160 kOhms3; E5, Ry = 390 Ohm;
Rg = 22 kOhm; Ryg = 1 kOhm, R;1, R13 = 10 kOhm, E;5 1.2 xOhm, Ry~
= 3 kOhm, R18 =470 Ohm, Rzo, RZ’-I-’ R25 = 91 Ohm, R23 L.7 kOhm, 01,
03, Cq, 08 = 1000 pf, 02 = 510 f, 05, 06, 07 = 360 f, Cg = 330 f,
Ci10s, C131 = 220 f.
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The instrumental design includes a special device by which
tests are carried out both for the entire instrument on the whole
and for separate parts. The test-problems are divided into two
groups: the first group 1s intended for checking the correct opera-
tion of the instrument, and the second group is intended for
operative localization of the break-down site. Formation of the
pulses for the test-problems is accomplished by a triple-pulse
shaper, the schematic diagram of which is given in Figure 4.
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Fig. 5. Triple-Pulse Shaper. (T;- T3) Triodes P416-B; (D;) Diode
D-9I; (Dy - Dy) Tunnel Diodes ZI301V; R; = 3.6 kOhm, R, = 680 Ohm,
Rg = 91 Othl, Rq_ = 820 Ohm, Rs, R].O = 51 Ohrn, RG!‘ R7 = 470 Ohm,

Rg = 91 xOhm, Rg = 1.2 kOhm, Cyp, Cy = 1000 £, C3 = 24, (5 = 360 f,
d1-Input Pulse.

The pulse amplifier of the PM signal, the schematic diagram
of which i1s given in Figure 5, 1s made of eight transistors of
the P416-B type. The first three amplification cascades (triodes
Ty - T3) make up the preliminary amplifier and are assembled to-
gether with the photomultiplier. In the principal loop, together
with amplification, there is shaping of the standard pulse. The
shaping begins with recovery of the font in the fourth cascade
and is accomplished with the aid of the tunnel diode, shunting the
collector load of the triode T,. The signal is limited in ampli-
tude at the same time. The ultimate shaping is accomplished in
the output cascades of T;, Tg on the pulse converters. The prin-
cipal parameters of the amplifier are the following: amplification
over the circuit no less than 103; transmission band of 25 mHz;
outpulse amplitude for load of 100 Ohm equal to 9 V; rectangular
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shape of the pulse; duration of the pulse fronts of 10 nsec, dura-
tion of the pulse on the 0.1 levels no longer than 40 nsec. The
revolving time of the amplifier is determined by the parameters
of the pulse converisers and selected as ggqual to 100 nsec. The
principal input of the amplifier o3 is blocked in solving the
test-problems, while the signal of the triple-pulse shaper is

sent to the input 7;. .
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Fig. 6. Trigger (T; - Tg) Triodes PL16-B; (D;) Diode D-18; (D)
Diode D-9I, (a1, @) Pulse Input; (b;., bo) Pulse Output; R;, Rg =
3.6 kOhm, R, = 510 kOhm, Rg = 1.2 kOhm, Rs = 1.6 kOhm, B; = 91 Ohm,
Rg = 360 Ohm, Cy; = 3.0 uf, C, = 15-20 uf,

The operational principle of the shaper is the following.
In the second cascade of Ty, a pulse 1Is generated with a linearly
rising leading edge. This pulse is sent through a buffer resistor
Rg to the tunnel diodes Dy, D3, Dy), which shape the step signal.
This signal is differentiated by the RyC3 circuit and sent in the
form of a packet of three pulses through the amplifying cascade
of T3 to the PPA. The interval between pulses is fixed by the
integrating circuit Ryls. The cascade T3 is intended for standard-
ization of the input pulses. ‘

The principal unit of a counter of the FM type is the high-
speed trigger (Fig. 6) made in the design of an unsaturated
trigger, started on a collector. In order to speed up the
switching time, there are triodes on the trigger which shunt
the collector loads at the moment of a change in state of the
trigger. The resolving time of the trigger is about 100 nsec.
The trigger is started by pulses with amplitude of 6-12 V and
duration of 30-50 nsec. To control the following circuits, the
trigger has pulse outputs b; and by. The capacity of counters
of the FM type is three binary bits. The counters FM-I and
PM-II were designed according to the reverse diagramn.
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The change in total capacity of channels I, II and T is

Fig. 7. Low-Flux Electrometer, (1) Sub-Unit Frame; (2) Control
Panel; (3) Printer; (&) Supply Unit.

accomplished in counters of the OC type. Counters of the 0C type
operate in binary code and have a variable scaling Factor of 2,
L, 32 and 128. In the polarimeter regime, the scaling Ffactor

of all the channels is fixed at the same time with the aid of

a single switch. In the photometer regime, the capacity of the
OC-I and OC-II counters is fixed separately.

The counters C-I and C-II are designed on a binary decimal
code with weighting factors of 5211. The scaling factor of the
counter is 103, The counter CI is made in binary code and has
scaling factor of 2048. However, to express the polarization
vector components in units of the average intensity, it is necess-
ary that the scaling factor of the counter CI be w/2 times greater
than the capacity of the counters C-I and C-II, i.e., equal to
1571 (with accuracy up to 0.01%). This requirement follows from
(11) and (12). The requisite scaling factor is attained by in-
troducing a reset pulse of code 477 into the counter CI.

The entire Iinstrument., except For counters of the FM type,

is made of standard cells designed at the Cybermnetics Institute
of the Academy of Sciences of the Ukrainian SSR (Fig. 7).
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